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2.ABSTRACT
THE INTER-RELATIONSHIPS BETWEEN
NATURAL SITE CONDITIONS, ENVIRONMENTAL
CONTROLS, AND THE DESIGN PROCESS
by
Peter P. Stuart
William B. Finch
Submitted in partial fulfillment of
the requirements for the
Degree of Master of Architecture
The primary purpose of this thesis is to explore the inter-
relationships between natural site conditions, environmental
controls, and the design process. The preliminary work will be
concentrated in four areas: regional planning, site planning,
and the impact of environmental controls. The emphasis of the
thesis is on developing a design process that is clearly docu-
mented so that others will find it useful as a design tool.
The "solution of a design problem" will be part of the
thesis not only for purposes of illustration but also for
testing and evaluating the concepts that are developed.
Thesis Supervisor: John A. Steffian
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ABSTRACT
The primary purpose of this thesis is to explore the inter-
relationships between natural site conditions, environmental
controls, and the design process. The preliminary work will be
concentrated in four areas: regional planning, site planning,
the impact of environmental controls, and the applications of
energy systems to multifamily residences. The emphasis of the
thesis is on developing a design process that is clearly docu-
mented so that others will find it useful as a design tool.
The "solution of a design problem" will be part of the
thesis not only for purposes of illustration but also for test-
ing and evaluating the concepts that are developed.
The schedule of the work is as follows:
Dec. 13
Proposal
Dec. 13 - Jan. 15
General background studies
Collection of raw material
Jan. 15 - Feb. 7
Processing of materials
Reading
Evaluating
Condensing
Putting into useful form
Feb. 7 - Feb. 21
Independent feasibility studies in areas of ind. study
Feb. 21 - March 1
Evaluation
March 1 - March 15
Integration of Areas and schematics
March 15 - March 22
Evaluation
March 22 - April 15
Rethinking and redefining design process, redesign
April 15
Review
April 15 - April 23
Final evaluation
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April 23 - May 10
Conclusions
May 1 - May 11
Preparation for presentation
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GENERAL INTRODUCTION
The primary purpose of this joint thesis is to explore the
inter-relationships between natural site conditions, environ-
mental controls, and the design process. Although this thesis
is a joint thesis, there are two readily identifiable and some-
what separate areas of preliminary study and resulting expertise.
William Finch will have responsibility for the work at the macro-
scale (regional and site analysis) and Peter Stuart will have
responsibility for the work at the microscale (environmental
controls and energy systems). There is, of course, a great deal
of merging and overlapping between the two areas. This situation,
naturally, will require large amounts of interaction and coopera-
tion between the two authors.
This general introduction will only attempt to introduce
the method to be employed by the two authors for doing a joint
thesis. The reader will find in the following sections individ-
ual introductory statements, which define more specifically each
author's intentions.
As stated above each author initially will be responsible
for researching and developing materials in his own area. Once
the preliminary work is finished the two authors will begin the
process of integration, and the process will become one of
collaboration rather than one of cooperation.
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II. STATEMENT OF RELEVANT VALUES
In the introduction a set of values, of course, is im-
plicit. This section will attempt to state them explicitly so
that they can be used both as a check point now and as a meas-
uring stick at the completion of the thesis.
Nature is a dynamic system that is in equilibrium. Man
and his buildings are part of this system, and therefore must
respect the ecological balances of the system. If man con-
tinues to upset these delicate balances, he is threatening not
only his own existence but also that of nature as we know it.
We cannot assume that technology will be able to replace nature.
One of the most obvious examples of the upsetting of one
of nature's balances is the energy crisis. Man, at his present
rate of utilization of energy, will have seriously depleted the
known existing supply of fossil fuels before the year 2000. This
extremely rapid "burning" of these fuels has been a contributing
factor to the pollution of the environment. Man must search for
"clean" sources of energy for both of the above reasons. Until
this "clean" energy source is found, and perhaps even then, man
will have to reduce his energy demands by controlling population
growth, changing consumer patterns, reducing loads and increasing
the efficiency of energy producing and consuming systems. The
development of dual systems that utilize both natural (sun, wind,
water, etc.) and fossil fuel forms of energy should be a priority.
These "dual" systems could buy us time until solar, etc. systems
are operational on a large scale.
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As indicated in the introduction, the whole building
envelope should be designed so that it functions as an environ-
mental control system. Buildings should maximize free sources
of energy (solar radiation and wind) in the design of openings,
orientation, etc. so that the loads on the mechanical systems
are reduced. This type of treatment means that sun and wind
are admitted into the building envelope in a controlled and
carefully calculated manner. If buildings are designed using
this method man will be made more aware of the environment by
having to interact with the environment in a more positive way.
Site and Regional Planning should be based on these same prin-
ciples of recognizing the existing qualities of the environ-
ment and striving to maintain a dynamic equilibrium with the
ecosystem.
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II. ISSUES AND GOALS FOR'REGIONAL AND SITE PLANNING STUD
The primary goal of this segment of the joint thesis will
be the development of a Design Methodology providing for the
collection, evaluation, recording, use, and communication of
information about the natural and man-induced systems affecting
the site at a regional scale, local site scale, and, finally, at
the scale of built-form. The exact nature of the information
to be collected and its scale is contained in the section below
entitled: OUTLINE OF ISSUES, TASKS, AND METHODS.
The basic goals and values presented in the preceding
introduction are currently fashionable, and much rhetoric has
been put forth on the topic of designing in harmony with natural
systems. Preliminary research has shown that the methods pro-
posed below currently exist on site and regional planning levels
as very handsomely presented brochures of maps, overlays, and
charts showing much data and conclusions; but that there is very
little information on the obtaining of raw data, the processing
of it into useable forms, the making of decisions from it, and
the difficulties encountered in the entire process. In short,
the basic methodology exists mainly as finished product rather
than as process. A major goal of this portion of the thesis
will be the documentation and clarification of the process so
that others may use it as a source of information about the
method rather than as just another example of the product.
The examples cited above usually exist as guides for
general regional scale land use planning, or at best as guides
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to local zoning decisions. This thesis will attempt to push
the process to (or beyond) the limits of its usefulness in
relation to the specific design problem outlined in the next
section, and to document this process.
At the regional scale the primary issue is what is the
best use that can be made of the site in relation to the pro-
jected needs of the area (the town of Millis, Massachusetts'
and the ecosystem of the site in the context of the regional
ecosystem. Although this necessitates the collection of much
information about the town's own needs, and decisions about
optimal land use for much of the town beyond the boundries of
the site, the thesis does not intend to produce a town plan for
Millis. That would carry this study beyond the time available
and the author's expertise. The product at this scale will
therefore be an assemblage of relevant information in useable
form, but its actual useage will be primarily carried out and
documented in relation to the site.
At the site scale the process will be applied to the
selection of suitable building sites and services, the determi-
nation of the number of units the local ecosystem can carry
without irrepairable upset to the entire area (not just the
building site itself which will go through dramatic changes no
matter how well it is considered), etc. Regardless of the
outcome of the regional study the site study will be carried
out for the housing scheme as this is the most likely ultimate
use of such a site in reality. The possibility of creating
opposing interfaces between the conclusions of the various
18
segments of this thesis (regional vs. local site consideratAions;
site ecosystem vs. the needs of "free" energy environmental
control systems, etc.) is considered positive because it should
help to clarify the reasons for these conflicts, thus making
their solution easier.
At the site scale there are several other major determi-
nants that normally dominate the design process: economics,
social, asthetic-spiritual (sense-of-place, feeling and rela-
tionship to surroundings perceived from the structure by its
inhabitants), and technological. Each of these considerations
represents a particular value system, often opposed to the one
presented here. Rather than attempt to integrate these into
the design methodology directly, this thesis will deal with
each issue separately to clarify and compare the results with
each other and the environmental considerations. If time per-
mits they will then be integrated into a final site plan
consonant with the stated thesis values and the actual building
program as it develops.
At the built-form scale, the methodology will be aimed at
producing a complete and useable picture of the site conditions
at the selected building locations. This will aim to describe
not only the existent micro-conditions, but also any possible
modifications consistent with the stated values that could be
used to control the local man-designed environment. At this
point the use of this information meshes with the research
issues discussed under Energy Systems and Environmental Con-
trols. The thesis becomes a total collaboration; the
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documentation of the development of a design process unitingt
natural site conditions (the ecosystem) with environmental
control systems in the building program outlined below, and
evaluation of the results.
A final note of caution on expertise; the author professes
only to have the stated values, but not the expertise in ecology,
geology, soil sciences, etc., needed to carry out this project,
and observes that many of those that do have the expertise do
not have sufficient knowledge of architectural areas to apply
their skills as this thesis intends to. Hence, another major
goal of this thesis will be the attainment of sufficient tech-
nical expertise to enable the desired architectural methodology
to be developed for application to the selected site and build-
ing program.
20
I. INTRODUCTION FOR ENVIRONMENTAL CONTROLS AND
ENERGY SYSTEMS STUDY
The purpose of this section of the thesis is to explore
the inter-relationships between environmental control systems
and the design process. It is the thesis of this writer that
environmental control systems should become one of the "gene-
rators" of architectural form rather than being an afterthought
in the design process. Before going further, a definition of
environmental control systems is in order. The purpose of an
environmental control system is to moderate the extremes found
in the natural environment so that the environment in the
habitable area (the habitable area should not be thought of as
simply the built form) meets certain criteria. These criteria
are in part defined by what activities will occur in a particu-
lar area. The natural environment of an area can be moderated
by careful design so that only a minimum of mechanical control
is needed to meet these criteria. Thus the form of the area
and/or the building envelope is a vital, functioning part of
the environmental control system. The building envelope is a
semi-permeable membrane which does not try to seal off the
interior of the building but rather maximizes natural forces in
the creation of a habitable zone.
For the purposes of facilitating this study, environmental
control systems can be divided into two areas: the mechanical
systems and the form systems. Of course, during the design
stage they must be completely integrated. In the initial
21
stages of this thesis they will be examined independently.
Part of the object of this thesis is to see whether these two
paths, followed independently, lead to compatible solutions.
It is hoped that by using forms generated by environmental
factors, a substantial reduction of the load placed on the
mechanical system will be achieved. Perhaps then a mechanical
system powered by energy generated on site would become feasible.
The study and development of a "dual" mechanical system (power
from "traditional" and "natural" sources) will also be examined.
Finally it would be helpful to explain why the particular
design problem of this thesis is the appropriate vehicle for
the explorations that are proposed. The specific design problem
(a large undeveloped site in the suburbs) offers an opportunity
to explore many different environmental problems on a more
manageable scale than an urban site would allow. Housing
traditionally poses a complex but at the same time allows for
a flexible solution in terms of form. Of course, what is of
interest here is whether this flexibility of form exists once
environmental factors are considered. The design problem has
been referred to above as a "vehicle;" the following is offered
as an explanation of that term. When doing research one cannot
hope to arrive at any meaningful conclusion unless one is able
to constantly test and evaluate the information as it is de-
veloped. Therefore it is not only justifiable but necessary to
structure this research around a "design problem." The docu-
mentation of this process is the real body of the thesis.
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III. STATEMENT OF THESIS GOALS FOR ENVIRONMENTAL CONTROLS AND
ENERGY SYSTEMS STUDY
This section will state the main goals of this section of
the thesis. The first goal is the development of.a design
methodology that will provide for the collection, evaluation,
recording and use of information about the macroclimate, meso-
climate, microclimate, geology and ecology of a site.
The next goal is to develop a method to evaluate conven-
tional and experimental energy systems as applied to multi-
family residential construction. This system of evaluation
would also be applied to the "dual energy system" discussed
earlier.
Another goal is the development of a method of organizing
a site on the basis of environmental criteria as well as other
more traditional criteria.
The next goal is the development of a design vocabulary
of forms based on environmental criteria. This vocabulary
would come out of a series of tests and evaluations of con-
ventional, popular, folk and new forms (roofs, openings, parti-
tions, levels, etc.).
The last goal is the integration of the above into a
design process that also deals with the more traditional issues
in site planning and building design.
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IV. OUTLINE OF THE DESIGN PROBLEM
A. Site description
1. 40 acres (more or less) of undeveloped woodland and
fields plus 15-20 acres (more or less) of swamp land
is located in Millis, Massachusetts, approximately
45 minutes driving time from Boston (23 miles) and
2C minutes from Route 128.
2. Present zoning - Residence II
a. 25,000 ft 2 - single family lots
b. 30,000 ft 2 - duplex lots
3. Possible variance - Residence III
2
a. 15,000 ft - single family 2b. 6,000 ft2 - multi-family after first 50,000 ft
4. Town intends to have new master plan done which will
probably involve major conceptual changes in zoning, etc.
5. Possible town sewer with newly planned road
6. Town water
7. See accompanying maps, photos, etc.
B. Building program
ISSUE METHODOLOGY
(where applicable)
1. Determine number of housing
units feasible on site
a. Economically la. Conventional financial
analysis of project based
on other developments in
the area - also help from
a consultant
b. Ecologically b. See part V. B., Tasks, etc.
c. Politically c. Interviews with town
officials
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ISSUE
2. Sociological context
a. Sense of community to be
imparted, communal use of
landt, etc.
b. Relationship of public
to private space
c. Relationship to town
d. Projected profile of ten-
ants
e. Length of tenancy antici-
pated, ownership patterns
and possible changes in
patterns
f. Possible expansion of
units, and possibilities
of tenant manipulation
g. Use of cars, walkways,
etc. in relation to
project
3. Asthetic-spiritual rela-
tionship of house/occupant/
landscape/natural process.
(How a building responds to
natural processes and brings
occupants into interactions
with these processes, or
ignores them, etc. - Sun-
light used in a non-
technological manner, be-
cause occupant likes it
rather than for environ-
mental controls.)
4. Environmental control
systems
a. Use of vocabulary of
forms
b. Use of Site information
in planning
METHODOLOGY
2a-g. User analysis based pri-
marily on owner's current
tenants, but also some other
potential user inputs. Also
both authors' and owner's
values as to what should be
social use of site - design
process
3. Same as #2 above - also in-
ventory products and methods
that are useful for bringing
about desired relationships
4. See Part V., B-C, Tasks,
etc.
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ISSUE METHODOLOGY
5. The building program will be
more specifically stated after
the preliminary research is
completed.
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V. OUTLINE OF TASKS AND METHODOLOGY
METHODOLOGY
A. Background expertise; obtain
basic knowledge pertinent to
site in the following areas.
1. Geology, soil sciences,
hydrology, sanitary
engineering
2. Plant and Animal
ecology
3. Climotology
4. Interpretation of
aerial photographs as a
means for extracting and
interpreting site infor-
mation on the above
topics and the influence
of man
B. Development of a design
methodology providing for
the collection, evaluation,
recording, use, and communi-
cation of information about
the natural and man-influenced
systems affecting the site
1. Physiography
a. Topography--to be used
as base map
b. Slope Analysis
c. Regional context
2. Geology
a.
b.
c.
d.
Bedrock
Surficial
Historic
Implications for
foundations
3. Soils
a. Types
A. Research; see Bibliography
Methodology is to be the col-
lection of all available in-
formation as maps, charts,
photos, and raw data, the com-
pilation of the relevant data
onto transparent overlays
keyed to base maps at 1"-1000'
for the regional scale, 1"-
100' for site scale study, and
both 1"-40' and 1/8"-l' for
the scale of built-form.
Obviously, not all raw data
will be applicable and useful
to all scales of investigation.
It will be a general procedure
to collect, compile, and try
TASK
'METHODOLOGY
b. Soil Conservation Ser-
vice evaluation maps for
Millis
1. Erosion susceptibility
2. Bearing capacity
3. Seasonal high water
tables
4. Sources of sand and
gravel
5. Suitability for home-
sites
6. Suitability for school-
sites
7. Suitability for com-
mercial and industrial
sites
8. Suitability for highway
construction
9. Suitability for agri-
culture
10. Suitability for wood-
lands
11. Suitability for septic
tanks
12. Suitability for recre-
ation sites
c. Any other interpretations
needed
4. Hydrology
a. Surface water
1. Permanent
2. Seasonal
to use data beyond the generally
accepted thresholds of useful-
ness in order to try to set our
own limits and expand that
threshold.
The next step will be to pro-
duce from the above sets of
overlays, transparent evalua-
tion maps that combine relevant
information from each set of
data maps and charts onto one
or two maps per topic. These
will then be combined and in-
terpreted to produce whatever
use maps are desired for the
design project.
A major problem that will be
encountered at this stage is
the determination of a graphic
system that allows all overlays
to be used in any desired com-
bination and still produce
clear information. This will
be dealt with by looking at
examples of graphic systems,
and by decision-making through
use at the time when rough
sketch maps are transferred to
transparent base material.
Both sources of information and
the process of evaluation will
be continually documented.
b. Sub-surface water
1. Permanent
2. Seasonal
c. Aquifiers
1. Outcrops
2. Recharge areas
3. Sub-surface
A. Deep
B. Shallow
TASK
27
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TASK
d. Floodplains
1. Seasonal
2. 25 year
3. 50 year
e. Well depths
f. Drainage and watersheds
5. Ecology
a. Type of forest cover
b. Type of habitat
c. Primary plant associations
d. Primary wildlife associ-
ations
e. Primary plant and animal
dependency
f. Succession
1. Current stages
2. Future stages
g. Important watersheds for
plant-animal associations
6. Climate
a. Temperature
1. Monthly high, low, avg.
2. Daily min. avg., max.
avg. (by month)
b. Precipitation
1. Rainfall, monthly min,
max, avg
2. Rainfall, max in 24 hrs,
by month
3. Snowfall, monthly min,
max, avg
4. Sleet, monthly min, max,
avg
5. Fog days per month
6. Days with precipitation
per month
7. Areas of fog suscepti-
bility
8. Seasonal storm patterns
METHODOLOGY
All data should be compara-
tive; Millis area to Boston
AIA climate study; the average
over period of record keeping
to 1971 data. A comparison
base should be established so
that Boston AIA climate study
data can be interpolated to
Millis where necessary because
Millis data does not exist.
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TASK
c. Humidity
1. Monthly avg.
2. Monthly diurnial cycle
3. Vapor pressure, high,
low, avg.
4. Evapo-transpiration
rates
d.
e.
Wind analysis by month
Solar analysis, by month
1. Hours of sunshine
2. Clear & cloudy days
3. Solar heat
4. Sun height and
direction
5. On site light in-
tensities
METHODOLOGY
Combine solar and wind analysis
with topography and vegetation
maps to give exposure to sun
and wind for site.
f. Mapping of expected
microclimates at regional
and site scales.
7. Influence of Man
a. Land use
1. Current
2. Historical
3. Projected
4. Land ownership
b. Utilities
c. Current zoning
d. Visability analysis
f. Pollution
1. Air - industrial,
domestic
2. Water - industrial,
domestic, surface,
subsurface
3. Other man caused changes
in natural conditions
A. Water table
B. Stream sedimentation
C. Floods & drought, &
control of
30
TASK METHODOLOGY
D. Soil erosion
E. Visual destruc-
tion of landscape
8. Values
a. Senic values
b. Historic values
c. Wildlife, plant, geo-
logic, watersheds, etc.
d. Recreation - by type,
active, passive, etc.
C. Produce site model incorporating as much information inter-
preted from Section B above as possible while retaining
graphic clarity.
D. Development of a method to evaluate conventional,experimental
and "dual" or "combination" energy systems as applied to
multifamily residential construction.
1. Conventional energy systems
a. Types (state of the art)
Source - Conversion method - medium - delivery -
transfer
b. Selling points and drawbacks
c. Availability, present and future
d. Cost - present and future
2. Experimental
a. Types
Source - Conversion method - medium - delivery -
transfer
b. Selling points and drawbacks
c. Availability - present and future
d. Cost - present and future
3. Combinations of experimental and conventional
a. Types
Source - conversion method - medium - delivery -
transfer
b. Selling points and drawbacks
c. Availability - present and future
d. Cost - present and future
4. The information collected above will be organized as much
as possible in graphic form.
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E. Developinent of a design vocabulary of forms based on environ-
mental criteria.
1. Define issues to be investigated
a. Air circulation
b. Natural lighting
c. Relationship between architectural forms and heat loss
and heat gain.
d. Building materials' and systems' effect on heat loss
and heat gain.
2. Investigate issues in the literature.
3. Develop criteria for testing and evaluation.
4. Develop a methodology for testing and recording results
of testing.
5. Determine forms to be tested on water table
a. Roofs
1. Shed
2. Flat
3. Gable
4. Hip
b. Partitions
1. Full
2. Partial
3. Angle to air flow
c. Horizontal openings
1. Stair wells
2. Double height spaces
d. Vertical openings
1. Window types
2. Door types
e. Exterior treatment
1. Overhangs
2. Porch
3. Wind scoops
f. Building configurations
g. Trees, hills, etc.
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F. Integration of A - E into a design process that also uses
traditional criteria for decision making. This design
process will be applied to the design problem. The exact
nature of this integration and application will be stated
when goals A - F are reached.
33
SECTION II
INTRODUCTION
34
The preceding pages have acquainted the reader with the
authors' intentions for this thesis. These few pages will
serve to introduce the work that has been actually accomplished
by one author, Peter Stuart. As the reader will note, the
goals established by this author in the thesis proposal were
quite ambitious. Considerable progress was made in reaching
all these goals, except the development of a "dual energy
system." The following pages contain not only the results
of these investigations but also an outline of the procedures
used to arrive at these results.
The first section deals with the energy crisis and its
relationship to the architectural issues that are dealt with
in this thesis. In the next section is an examination of
climate and architecture, with the emphasis on microclima-
tology. Included in this section are the author's extensive
notes on Rudolf Geiger's book, Climate Near the Ground. The
next topic discussed is ventilation. The pros and cons of
natural ventilation are presented in this section. Methods
for achieving natural ventilation are discussed. The next
section presents fifty-two photographs of the water table
experiments done by this author. These photographs illustrate
the air flow patterns that were generated by various two-
dimensional models. The last section of the thesis contains
a series of drawings done by this author of several schematic
35
unit solutions of the specific problems presented by the
Millis Project.
The author's section of the thesis is part of the
theoretical foundation for the work done by William Finch
in his section. The two sections of this thesis taken to-
gether should give the reader both the theoretical and the
operational knowledge to begin to deal with the complexities
of site planning and of environmental controls.
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SECTION III
ENERGY CRISIS
37
Although the magnitude of the energy crisis and the solu-
tions for it are still much debated, few people knowledgeable in
the field deny its existence. In recent months, even President
Nixon has spoken of the "energy challenge." To an astute ob-
server of the American political scene, the use of such a
phrase is tantamount to the admission of an energy disaster.
The fuel oil crisis of recent winters and the expected gasoline
shortages this summer have made the man in the street aware of
a problem; of course he is not sure whether these crises were
precipitated by political maneuverings or by actual shortages.
Indeed these particular crises were probably in large part a
result of politics, but unfortunately the solution in the long
term is not solely a political one. It is not the intention
of this writer to scientifically evaluate the various positions
and theories, but rather to present some of them as supportive
arguments for the positions taken by this writer on certain
architectural issues that are dealt with in this thesis.
Few people are aware of the amount of energy expended by
a technological society. A technological man in the U.S.A.
uses on a per capita basis 230,000 kilocalories per day for
his activities, while a primitive man used only 2000 kilo-
calories per day.
As the following graph shows, most of the energy expendi-
ture of a typical American citizen is not food energy; it is
mostly mechanical and chemical energy. This energy is produced
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mostly from fossil fuels, a non-rerewable resource. If the
population of the entire world were operating on the same
energy levels as that of the United States, the energy crisis
would have become a reality a long time ago. At present the
United States, with 6% of the world's population, uses 35% of
the world's annual energy supply. The amount of energy expended
has a direct relationship to the standard of living. It is
obvious that there is considerable inequity in the present situ-
ation. Since traditional sources of energy could not supply the
United States alone much beyond the year 2000, a very serious
international political problem is about to occur.
The bases for making estimates of fossil fuel reserves and
future consumption are rather complex and not necessary to this
discussion. It suffices to say that while estimates do vary,
few scientists will argue with the fact that fossil fuels are
running out at an alarming rate. M. King Hubbert, who appears
to be fairly generous in his estimates of fossil fuel reserves,
gives these estimates:
Coal: "Disregarding the long time required to produce
the first 10% and the last 10%, the length of
time required to produce the middle 80% will
be roughly the 300 year period from 2000 to
2300." (MKH, p. 64)
Oil: The oil production peak in the United States is
presently occuring. The world supply would peak
around the year 2000 and 90% of the world's
supply would be produced by the year 2025.
Gas: For the United States, exclusive of Alaska and
Hawaii, "the time span required to produce the mid-
dle 80% of the ultimate cumulative production is
approximately the 65-year period from 1934 to
1999." (MKH, p. 65)
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An adequate discussion of man's future energy alternatives
would fill volumes and require much more expertise in the field
than this author would wish to acquire. The reader should be
aware that there is considerable debate as to which alterna-
tives are most feasible and whether they could be made opera-
tional in time to avert an energy crisis and world breakdown.
After reviewing some of the literature, this author feels that
while the world's political structure will probably not col-
lapse, all countries will have to drastically reorder their
energy priorities. There is not only the problem of making
energy sources operational but also of determining how much
pollution the world can stand. This writer obviously is not
the only one to recognize the latter problem as the following
quotes illustrate:
The environmental constraint may be more insistent
than the constraint of resource availability. (E.C.
p. 140) The issue therefore is not whether energy
production for the world should be increased. It is
rather how to increase it effectively with minimum
deleterious side effects. (C.S. p. 41)
The largest environmental problem is the waste heat that
is generated by the production of power by burning fossil
fuels. This problem, of course, is shared by nuclear power
generation. Fortunately, such energy sources as the wind
and solar energy introduce no additional heat load to the
Biosphere. However, unless used on the collection site, solar
energy must be converted to electricity to be transmitted to
consumers. Presently the generation and transmission of
electricity is only about 50% efficient; the amount of waste
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heat is approximately equal to the amount of useful work.
Even with this problem solar energy is still the "cleanest"
solution to the energy problem; whether it is feasible eco-
nomically is another question.
Even if we can overcome the environmental problems
associated with the production of energy, there is still the
very important problem of the waste heat produced as a by-
product of energy use. It is common knowledge that cities have
a different microclimate than the surrounding countryside.
With the rapid increase in population and the doubling of
energy use every ten years, it is no longer an academic question
as to the effect of great concentrations of waste heat on the
total environment. Our urban areas are no longer centers but
continuous areas, and it is not unthinkable that increasingly
larger areas of the United States will be urbanized in the next
100 years, thus causing serious consequences for the ecological
balance of the whole country.
Three oversimplified solutions for the United States
immediately come to mind: the institution of a zero population
growth policy, a cutback in the demand for energy, and develop-
ment of a clean energy solution. Architects and urban designers
can have an impact on the second suggestion. Design that is
based on criteria developed from energy-saving techniques has
become absolutely necessary. Designers can no longer look to
mechanical systems for solutions of all their environmental
control problems. The reader is urged to refer to Bruce
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Anderson's Thesis (M.I.T., 'January, 1973), amongst others, for
information on solar heating and other devices for lessening
the winter heat load. This thesis is concerned with the prob-
lem of integrating environmentally sane criteria into the design
process. This author will focus on developing microclimatic
design criteria for both inside and outside spaces so that
the need for mechanical environmental control systems during
the summer months in New England is reduced or eliminated.
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SECTION IV
CLIMATOLOGY
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Throughout his history, man has had to deal with the
problem of climatic control. Man's impulse to build his
first shelter probably came from his suffering the adverse
effects of the climate and realizing that by manipulating
a few basic elements he could create a more comfortable
environment in which to live. Even before he started to
build, he probably found that certain places in his region
or locality were more comfortable than others as a result
of microclimatic conditions. As man developed he became
more sophisticated in his response to climatic conditions;
there still exist examples from the Arctic to the Sahara of
superb architectural solutions. However, these examples are
found mostly in indigenous architecture, rather than in the
architecture of developed countries. Civilized man's ex-
ploitation of fossil fuels, of course, had enabled architects
to successfully override almost any climatic condition by
the employment of mechanical equipment. Many architects
have come to so rely on mechanical equipment that their
buildings are not only wasteful of energy but also environ-
mental disasters.
Only lately in the present era of the energy and eco-
logical crises have architects begun to realize once again
that they must design with nature and with climate. Since
architects, as most other civilized men, now have very little
intuitive understanding of climatology, they must start to
reacquire this knowledge. As most architects would be unable
and unwilling to live on a farm or in the wilderness for a
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few years, this knowledge will have to be acquired vicariously
from books.
Climatology, for the purposes of this study, can be
divided into two areas of study, macroclimatology and micro-
climatology. The designer has numerous sources to which he
can turn for macroclimatic data; this author has found the
A.I.A. study, which is reprinted at the end of this section,
to be the most comprehensive and useful. Since macroclimatic
phenomena cannot be controlled by either architects or site
planners, macroclimatology will not be discussed further in
this section. Nevertheless, it is suggested that any reader
who is not familiar with macroclimatology should at least
look through some standard works on the subject. The titles
of a few texts are given in the bibliography.
Before going further it is necessary to define the term
microclimate. It is basically the climate within three meters
of the earth's surface. Rudolf Geiger's brief introductory
description of this thin layer of air near the ground suggests
the important role it has in determining the environmental
quality of an area.
In it substantially different conditions will, in
general, be found. The closer the ground surface
is approached, the more the speed of the wind is re-
duced by friction with the ground, and hence the less
is the amount of mixing of the air, which might have
reduced the differences among small areas. Then the
ground surface has to be considered, absorbing radia-
tion from the sun and sending out its own heat rays,
now a source of warmth, now a cooling influence on
the air in contact with it. It is also a source of
water vapor, which escapes into the atmosphere by
evaporation, of dust, and of gases emanating from the
soil. The special conditions that develop, as a
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consequence, in the air layer near the ground are of
great primary interest to the meteorologist, because
these are the conditions prevailing in the boundary
layer of earth and atmosphere, without a knowledge
of which it is impossible to understand the processes
taking place in the main body of the atmosphere. It
is in this atmospheric layer near the ground that
plants grow, especially young plants, which are still
exceptionally sensitive to weather fluctuations; the
climate of this air layer near the ground can there-
fore be called, quite simply, plant climate. Animals
that are restricted to the proximity of the surface,
or that live on the ground, must also be considered.
The study of the climate near the ground is therefore
more comprehensively called habitat climate, or, to
use Greek terminology, ecoclimatology. (Geiger, p.
1 - 2)
The microclimate of an ecosystem is both the creator and the
child of that ecosystem. The microclimate, of course, is
very sensitive to any changes to that ecosystem. Ecosystems
are not static; they are dynamic, constantly changing, there-
fore changes initiated from outside the system are not neces-
sarily detrimental to the system. As Geiger points out, man
can intervene in an ecosystem's microclimate in a beneficial
way so as to promote the health of certain species. Forest
management and grape cultivation are obvious examples.
Architecture, amongst many other things, is the design
of microclimates. The erection of any structure automatically
changes the microclimate of the site where it is placed. It
is the obligation of the architect to determine what these
changes will be and to evaluate them. It should be obvious
that two different structures placed on the same site will
produce two different microclimates. It is the hope of this
author that this paper will enable designers to evaluate
their designs microclimatically so that they will know what
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impact their proposed building will have both on the environ-
ment and on the users of the building. Although the above
discussion has been in terms of buildings, the architect is
equally responsible for the outdoor spaces that are to be
used by people.
Implicit in this thesis is the author's feeling that
designers must understand the first principles of microclima-
tology. The facile use of a few rules of thumb is not enough
to produce good design. Initially this section was to have
been a synthesis of all the important available works in the
field of microclimatology. However, this author found that
all the books that were reviewed were based largely on one
book, Climate Near the Ground, by Rudolf Geiger. This work
is undoubtedly the most authoritative and complete book on the
subject. There are three main texts that attempt to relate
climate to architecture: Climate and Architecture by Jeffrey
E. Aronin; American Building, 2: The Environmental Forces
that Shaped It by James M. Fitch; and Design with Climate
by Victor Olgyay.
While all three are well written and interesting, only
Olgyay attempts to integrate climatic criteria into a design
process. Olgyay's book is the primary source in this area of
architecture. However, his main source in microclimatology
was Geiger. Unfortunately Olgyay does not provide enough
background information in microclimatology for the uninitiated
reader. Therefore, what follows are edited notes of Geiger's
book.
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These notes are necessarily extensive, as there is little
in Geiger's book that is irrelevant to the designer's under-
standing of microclimatology. It is important that the
designer have this background knowledge because each site is
unique and immensely complex. A site analysis based on a
few unsupported generalities is probably not that useful and
could be misleading. However, it is not the intention of this
author that designers become professional microclimatologists.
Much of the quantitative analysis has been omitted because
designers rarely, if ever, have access to the field data
necessary to make use of these equations. What this author
hopes to convey is an intuitive understanding of microclima-
tology rather than a mathematical model.
Geiger's general organization will be followed not only
because of its general clarity but also to enable the reader
to make easier reference to the text. All figures and tables
included in the summary are taken from Geiger's book; the
Figures are in Appendix B and the Tables are in Appendix C.
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-CHAPTER I
The Heat Budget of the Earth's Surface as the
Basis of Microclimatology
Basic Definitions
Before setting forth the heat budget of the Earth's sur-
face, there are a few basic facts and definitions that need to
be established.
Heat transfer in the atmosphere can be achieved by four
different methods:
1) Conduction: when heat is transmitted by the molecular
motion of the molecules within a material.
2) Convection: when heat is transmitted by air moving
between two surfaces, one hot and one cold. The air
currents transfer the heat from the hot surface to
the cold surface.
3) Thermal radiation: energy waves given off by an ob-
ject that is warmer than its surroundings. The wave
length of these waves can range from .2p to 100y. The
radiation between .3 6p and .76y is perceived as light
by the human eye. Radiation below .36y is known as
ultraviolet and that above .76p is called infrared.
Because of the earth's and sun's greatly different
temperatures, the earth has a mean temperature of
5* C while the sun has a mean temperature of 5520* C.
Each radiates at a different wavelength. The earth's
maximum radiation is well into the infrared range,
51
about 10p, while the sun's maximum radiation is
.50p which is a shorter wavelength. Figure 1 shows
the range of radiation for both the sun's and the
earth's radiation.
4) Change of state: heat is needed for certain changes
of state while heat is given off by other changes of
state. A good example is that water evaporated on
the earth's surface requires heat input, while the
condensation of the same water vapor in the atmosphere
gives up a certain amount of heat.
Heat Budget
The heat budget of the earth is a very important concept;
it is the basis for all macro and microclimate theory. In
order to present the heat budget in its simplest form, the
following assumptions are made. The boundary between the
earth and the atmosphere is a horizontal, two-dimensional and
massless plane. There is no heat contained in the plane;
however, heat can be exchanged across it.
The complete equation for the heat exchange at a flat
vegetation free ground surface consequently becomes:
S + B (or W) + L + V + Q + N = 0
(p. 10)
Each of the terms have the following meaning:
S: the sum of Radiation at the earth's surface
B: the flow of heat in the earth's surface
L: the flow of heat in the air above the earth's surface
V: the latent heat of Vaporization
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Q: the effect of advection, a horizontal air flow
N: precipitation
All of these terms will be explained in much greater depth
in the following pages. Below is Table 2 which gives the
heat budget in Potsdam. One can see that the terms S + B +
L + V = 0. The annual balance for Potsdam in 1903 was S =
+19,819; B = -181; L = 387; V = -20,025 cal cm-2yr~1 . One
should note that the major part of the sun's heat from
radiation is used for evaporation (V).
Radiation balance at earth's surface
The radiation balance at the earth's surface is given
by the following equation:
S = I + H + G - aT - R (cal cm -2min~)
I: direct solar radiation on the earth's
surface
H: diffusely scattered solar radiation that
reaches the earth's surface
G: atmospheric long-wave radiation emitted by
the water vapor, carbon dioxide, and ozone,
all of which absorb radiation and emit
it according to Kirchnhoff's law. Often
termed counter - radiation, unlike I H,
it occurs both during the day and night.
The earth seems to act as a black body
(perfect absorption) for long wave radiation
so that little of G is reflected back into
the atmosphere.
53
aT : the long wave radiaition emitted by the
earth itself and as can be seen is a
function of its temperature.
R: the albedo or the reflectance ratio for
incident solar radiation (short wave).
Table 3 gives albedos of various surfaces.
Table 4 shows that albedos depend on the
wetness of the material. Albedos vary
according to the time of year as shown
in Table 5. The albedo is also dependent
on the angle of incidence of the sun's
rays as shown in Figure 3.
Note: As can be seen from the above information, only aT and
R depend on the surface material of the earth. Therefore only
these items are readily controllable on an architectural scale.
Thus the surfacing material of both the surrounding nature
areas and the structure itself is very important in determining
its heat load.
Radiation balance diagrams drawn for a summer day and a
summer night are included below in Figure 2 to clarify the
above.
Long wavelength radiation at night
At night time, of course, I, H, and R are zero in the
radiation balance equation. What we are left with is S =
4
G - aT . We can readily see the importance of the atmosphere,
without it there would be no G term and the earth would cool
to very low temperatures much as the moon does. However, at
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night except under very unusual circumstances aT4 is larger
than G so we have a negative radiation balance:
4
-S = aT -G
What is of interest is that long wave radiation is absorbed by
water vapor, but not in equal amounts at all wavelengths. The
following graph in Figure 5 illustrates the varying amounts of
absorption.
As the graph shows there is an "atmospheric window" at
9P - lly where radiation can escape regardless of the amount
of water vapor present. However, as the reader might know, on
a cloudy night (air heavy with water vapor) there is less
"radiational cooling," so the amount of water vapor in the air
is still significant.
Counter-radiation is not received equally from all parts
of the sky because the thickness of the atmosphere measured
from a point is the least at the zenith, therefore the least
amount of counter-radiation is received from the zenith and
the longwave radiation loss (aT ) is the greatest at the
zenith as shown in Table 7.
In the following, Figure 7 and Table 8, we can see that
topographic features influence the effective outgoing radia-
tion. It should be noted that "taken all together, the
radiation emitted from the street surface and the two bordering
walls must be as great as the radiation from a surface visu-
alized as a lid covering the opening of the street to the sky."
(Geiger, p. 25.)
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The Laws of Heat Transport, in the Ground
Air entering the ground quickly assumes its tem-
perature. Consequently, air temperature, near the
ground is influenced by the nature of the soil by
means of this breathing process (air moves in and
out of soil). Since the density of soil is about
1000 times that of air the reciprocal effect of
air on ground temperature is always negligible.
(Geiger, p. 27)
The laws of heat transport are somewhat complex; what is impor-
tant to understand is that different types of soil have dif-
ferent heat capacities and conductivities. These properties,
of course, affect how fast and how deep heat penetrates into
the soil. It will also affect the heat storage in the soil.
For some specific values the reader should see Tables 10 and
11.
Transport of Heat in the Atmosphere by Eddy Diffusion
This section is mathematically oriented. What is impor-
tant to understand is that the decisive factor in heat trans-
port in the atmosphere is eddy diffusion, not conduction.
While air is able to transport heat by conduction more readily
than the best soil, it is still negligible in comparison to
eddy diffusion which is a result of turbulant flow of air.
However, it is very important to remember the boundary layer:
Study of fluid flow also shows that, in places
where the air comes into contact with a solid
surface such as the ground or a wall, turbulence
and hence eddy diffusion do not extend quite to
the solid. A layer of air a few millimeters thick
adheres with great tenacity to the wall or ground.
This is termed the boundary layer. The laws of
eddy diffusion are not valid in this layer, but
the transition from the solid surface to turbulent
air is completed within it, governed only by the
laws of molecular physics. In this layer, heat
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is transported only by physical conduction, and
water vapor by diffusion. This boundary layer
therefore constitutes a formidable barrier, as will
be shown later. (Geiger, p. 34-35.)
Mixing Due to Friction and Convection
Eddy diffusion is caused by either frictional exchange
or convection exchange. Frictional exchange, as the name
implies, is due to variations in the roughness of the surface
and by changes in the wind speed with height. At night only
frictional exchange can occur because convection exchange is
the result of the positive radiation balance on the earth's
surface. During the day, generally speaking, the air becomes
cooler as the height increases. The measurement of this
phenomena is called the lapse rate. When the lapse rate is
exactly -1c./100m the air is in equilibrium (an adiabatic
lapse rate). A lapse rate that is greater -. 5*c./lOOm means
that air conditions are stable. Air will neither tend to rise
or fall. This condition is known as an inversion. As the
lapse rate goes below -1*c/100m (i.e. -2*c/100m), the air
becomes increasingly unstable, convection exchange develops,
hot air rising and cold air falling. Later we shall see that
the lapse rate follows a diurnal pattern.
Temperature Instability, Dissemination of Seeds, Smoke Pollution,
and the Spreading of Gases as Problems of Eddy Diffusion
As was pointed out earlier, eddy diffusion does not occur
right along the ground surface. There is a boundary layer
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where heat transfer is dependent on conduction. Although the
effects of this boundary layer are most marked within a few
millimeters of the earth's surface, there are boundary layer
type effects of decreasing intensity up to two meters above
the surface. What is important to remember is that the tem-
perature of the air in these lower layers is very unstable
(the closer to the surface, the greater the instability) be-
cause there is little vertical mixing of the air close to
the ground because of the reduced wind speed (boundary layer
effects). The graph in Figure 15 illustrates the point.
Figure 18 illustrates the effect of the lapse rate on an
everyday phenomena, smoke from a chimney.
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.CHAPTER II
The Air Layer over Level Ground without Vegetation
Normal Temperature Stratification in the Underlying Surface
(Ground)
The ground surface in this chapter continues to be com-
pletely horizontal and free of vegetation so that the effects
of temperature, humidity and wind can be isolated. The ground,
of course, has a very large effect on the air layers immediately
above it (the microclimatic region). The temperature in the
ground is dependent on the ground surface temperature, the up-
flow of heat from the earth's center in most cases is so small
that it can be neglected. As can be seen in the two graphs
below, the ground surface is very responsive to the presence
or absence of incoming solar radiation. Up to a depth of
about one meter we see significant daily fluctuations of tem-
perature that occur quite rapidly. It has been suggested that
this layer of ground is analogous to the first 1 1/2 km. of
the atmosphere, and therefore could be also called the base
layer.
In these two base layers, all the diurnal changes
and weather variations take place, with their re-
peated reversals of the lapse rate of temperature.
The lives of most animals are spent in these two
layers; above, birds, butterflies, and flying insects;
below, mice, worms, and other insects. Because it is
not waterlogged in its normal state, the base layer
of the ground also contains the amount of air necessary
to support life. (Geiger, p. 59-60.)
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The very top surface layer of the ground as can be seen in
the graphs has a very wide range of temperatures. In fact
the yearly variation of temperature in the air is more moderate
than at the surface of the ground. As Figure 28 shows, the
ground does have a yearly, as well as a diurnal, lag time.
Temperature in the Lowest 100m. in the Atmosphere
As demonstrated in Figure 29, the air nearest the ground
even at 1.1 m. has greater daily fluctuations and achieves its
maximum temperature more quickly than the air at 60 m. The
graph also demonstrates the importance of mixing; vertical
mixing is the only way to explain the temperature difference
between 1.1 m. and 60 m. The amount of mixing is not constant
with height; on the contrary, close to the ground there is
very little mixing. Therefore, one finds a much greater tem-
perature gradiant near the ground, while at higher levels the
more lively mixing gives rise to a smaller temperature gradiant.
Figure 30 illustrates this situation, the greater lapse rates
near the ground. Figure 31 shows that lapse rates are also a
function of the time of day. As is expected, daily tempera-
ture fluctuation is greatest close to the ground and on clear
days. See Figure 33.
The Unstable Sublayer and the Inversion Sublayer
The unstable sublayer and the inversion sublayer are
layers of air that exist between the boundary layer and ±100m.
into the atmosphere at different times of the daily cycle.
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Between the warm or cold surface of the ground and
the free atmosphere, there is a layer of air, the
temperature of which by day and by night is a uniform
function of height. By day the exponents are negative;
the unstable sublayer is built up during the course of
the day to one in which the instability increases in
proportion to the incoming radiation. The difference
in temperature between the ground and the air is at
first mainly retained within this layer; then, when the
sun's elevation reaches 30*, it is passed on to layers
of air at higher levels by a stream of heat. During
the night the inversion sublayer has approximately the
same strength. The exponents in the temperature-
height function are positive. The inversion sublayer
is also built up during the night, but the differences
occurring over the year are small in contrast, because
of the small differences in intensity of the outgoing
radiation. (Geiger, p. 81)
These sublayers, of course, have an impact on the air layer
near the ground.
Daytime Temperature of the Air Layer Near the Ground
The layer of air near the ground, within 2 meters, basi-
cally acts like the 100 m. air layer described previously
except in miniature. The closer to the ground the temperature
fluctuations are more severe and rapid. Figures 38 and 39
show this phenomena quite clearly.
Night Temperature of the Air Layer Near the Ground
The temperature at night of the air layer near the ground
is not exactly a replica in miniature of the 100 m. air layer
at night. As shown in Figure 43, the air just above the ground
is warmer rather than colder than the air directly above, yet
cooler than the ground.
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As Geiger explains it,
Nocturnal distribution of temperature is therefore a
function of both long-wavelength radiation and eddy
diffusion. If mixing is particularly low, which is
usually the case at night close to the ground surface,
the influence of radiation predominates, and the mini-
mum is found about 10 cm. above the ground. With light
air rovement, convective mixing, which must be brought
about by sinking of the coldest air at 10 cm., is re-
inforced to the extent that the minimum descends to the
surface or remains only as a secondary minimum such as
is seen in Figure 44, finally disappearing completely.
(p. 97)
The above peculiarity of the boundary layer does not alter
the much observed fact that it is frequently much colder at
night near the ground than at an elevation of 2m. Figure 48
illustrates the excessive frost action on the stone steps and
rail near the ground. This extreme microclimate of course
has architectural implications in both foundation design and
choice of materials for the areas just above grade.
Distribution of Water Vapor Above the Ground
The water budget has many similarities to the heat economy.
The ground surface is where precipitation lands and where evapo-
ration takes place. Water vapor is not equally distributed
throughout the atmosphere; it is moister near the ground
during the day while at night there is a humidity inversion.
A tautochrone of water vapor pressure in the atmosphere is
very similar to a tautochrone of temperature as shown in
Figure 50.
Relative humidity, of course, is temperature dependent.
Generally speaking, its behavior is a mirror image of the
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diurnal variation in temperature. Thus in the early afternoon
it is relatively low in the air layer near the ground while it
is relatively higher just before sunrise.
Wind Field and the Influence of Wind Near the Ground
As pointed out in the section on macroclimate, horizontal
wind flow is caused by large-scale differences in pressure.
However, the earth's surface acts as a brake on wind speeds,
therefore there is a frictional layer of 1000 m. - 1500 m.
thick in which the wind speeds are lower than in the upper
atmosphere.
In the microclimatic scale we also find that wind speeds
increase with height as evidenced by the photograph in Figure
55.
The diurnal variation in wind speeds at different levels
above the ground is of interest to architects who seek to
maximize natural ventilation. Figure 56 shows that at 2m.
the maximum speed is just after noon, while at 70 m. above
the ground the maximum is in the evening. As with many other
microclimatic phenomena, the diurnal fluctuation is much more
pronounced near the earth's surface.
In the 2 m. air layer- we find frequent calms by night
while around noon they occur very infrequently, illustrated
in Figure 57.
When plotting wind speed against height we get a graph
such as the one shown on the left of Figure 58. It can be
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readily seen that the rate of change of wind speed increases
as the ground is approached much in the same way as temperature
and water pressure gradiants. Mathematically the simplest
relation between wind speed (U, m./sec.) and height (z, m.)
can be expressed as U = U,za in which U is the wind speed at
a height of 1 meter. Logarithmically expressed the equation
is log u -- log u1 = a logz which when graphed on a double log.
coordinate system becomes a straight line (Figure 58 center).
The differing slopes of the four straight lines indicates that
the exponent a is not constant; it varies diurnally and
seasonally. A basic value for a is 0.25.
For a situation where there is adiabatic equilibrium, the
equation is Prandtl's equation
u = U* ln( )
where u* is the velocity of shear, which is indicative of the
amount of turbulence and k is the von Karman constant 0.4 and
z is the roughness parameter changing to logarithms and
collecting constants.
u = c log. (-Z
zo
This equation yields a graphs like the one in Figure 59.
As we can see temperature stratification has a large in-
fluence on the wind profile, however as Figure 60 points out
this dependence on the temperature structure only occurs above
the 2 meter mark.
Geiger's explanation of this phenomena is as follows:
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Figu::e 60 also shows with great clarity the dependence
of wind increase on the temperature structure and that
this dependence is greater in the higher layers than it
is in the lowest 2 m., where it almost becomes nonexistent.
The assisting or restricting influences of stable or un-
stable structures must depend, naturally, on a certain
mobility of the air, if they are to be effective. This
is lacking, as we know, precisely in these layers near
the ground. In this layer, in the narrower sense of the
term, the simplified Prandtl equation can be used, even
with temperature profiles that are not adiabatic, without
involving too large errors. (p. 120)
Of course, when the air near the ground is mobile as in
storm conditions, other microclimatic weather is largely de-
termined by the mixing that is a result of this air motion
near the ground.
Air, Plankton and Foreign Gases
Dust, carbon dioxide, and smoke concentrations in the air
near the ground all follow a diurnal pattern. During the
night their concentrations increase because of the temperature
inversion and lack of eddy diffusion, while during the day
they are dispersed into the upper atmosphere by convection.
One fact that is quite surprising is that the CO 2 concentra-
tion shows little or no change with the seasons.
Optical and Acoustical Phenomena
While optical illusions which are caused by microclimatic
conditions are very interesting they are not particularly
relevant to this summary. Therefore an explanation of their
causes will not be given. Knowledge of acoustical behavior
produced by microclimatic conditions, on the other hand, is
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quite important for architects and site planners. The distance
for audibility is definitely affected by the night time tempera-
ture inversions; distant footsteps of a pedestrian at night in
the city is a common example.
There are therefore two influences affecting the climate
of sound in the surface layer. H. Ertel, who has given
an exhaustive theoretical solution of the problem,
differentiates the "geometric effect," arising from
atmospheric stratification, and the "Humboldt effect,"
brought about by turbulence. Both of these produce
maximum audibility by night and a minimum during the
day. The extinction coefficient of sound intensity is
directly proportional to the distribution of convective
temperature fluctuations. (p. 141.)
Topography, of course, plays a very important role in outdoor
acoustics. An uphill site is more vulnerable to noise pollu-
tion than a down hill site, shielded by a slight rise from the
noise source.
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CHAPTER III
Influence of the Underlying Surface
on the Adjacent Air Layer
Type of Soil, soil mixtures, tilling of soil
Microclimatic diversity, if it can be attributed to one
factor, is due to the extremely varied nature of the surfaces
underlying the air layer near the ground. This fact can be
both advantageous and disadvantageous to the microclimate and
hence the ecology of an area that is to be used by man. Man
has a great deal of control over the nature of the surface;
the choice of ground cover, concrete, grass, or forest is
often up to the architects or, at least, theoretically should
be his choice. Unfortunately architects are unaware of their
potential influence and control of the microclimate. Their
ignorance often leads to microclimatic disasters that could
possibly be avoided. The complexity of the ground surface
unfortunately makes it difficult for even the knowledgeable
site planner to predict all the results of his actions.
In spite of the great contrasts in the distribution
of heat, water vapor, wind, air plankton, and so forth,
pointed out in Chapter II, it is very much simpler to
achieve a balance in air than in solid ground. The ground
consists of close particles of different types of soil,
differing in density, grain size, heat conductivity, and
water content, which also varies with time. Embedded
stones, cree roots, dead organic matter, earthworms and
other animals, and water passages, all combine to trans-
form the soil into a veritable mosaic. A great many
samples must be taken before it is possible to determine
the type of soil, or its representative moisture content
over an area of any size. The same is true for soil
temperature. In contrast to methods used to measure air
temperature, simultaneous readings must be taken at
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several neighboring points, to make sure that the dis-
trib..tion obtained is not a local random distribution.
Where plants are growing, "the whole volume of the
ground," as G. Winter (266) writes, "becomes split up
into smaller areas each centered about a root. Every
plant residue that penetrates into the soil creates
about itself, by the inhibiting and activating sub-
stances it contains and other specific components, a
special set of conditions for the existence of soil
microflora, an effect that becomes further complicated
by the interaction of colonizing bacteria." (p. 142)
Going back to heat balance equation:
S + B + L + V = 0
where S = I + H + G - aT - R
we find that only I, H, and G are independent of the nature of
the earth's surface. It should be remembered that conducting
surfaces such as concrete paving give off more of their large
heat supply by irradiation because of their higher surface
temperature at night than the poorly conducting cooler surfaces
such as meadowland. Also the hotter the ground surface becomes
at noon, the greater is the temperature contrast of ground and
air, and therefore the stronger the convective mixing and the
greater will be the quantity of heat transferred from the
ground to the adjacent air. At night the colder parts of the
ground will receive more heat from the air by radiation and
mixing than the neighboring warmer surfaces.
We already know that every soil contains three parts:
the soil substance, water and air. Agriculturally the soil
productivity is determined by its grain size and composition,
the calcium carbonate content, and the quantity of humus in
it.
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Soil can be classified into three general types: sand
when coarse particles dominate and less than 25% of the particles
are fine enough to be turned into mud; loam, when the above per-
centage is between 25 - 65%; clay, when there are more than 65%
mud forming particles. The type of soil greatly influences the
heat budget to a large extent as shown in Table 39.
Conductivity of the soil type is a very important factor
in the heat budget. Basically the higher the conductivity of
the soil the less severe are its temperature fluctuations be-
cause the soil is able to conduct heat away from the surface
and store it. Geiger explains this phenomena as follows:
To get an idea of the influence of the type of soil,
apart from all other factors, a comparison may be made
between soils with good and bad conductivity, by assum-
ing that both absorb equal quantities of radiation by
night (equal values of s). According to Sec. 6, then,
the daily and the annual heat variation must penetrate
deeper into the soil with good conductivity (see Table
11) than into the bad conductor. Correspondingly, at
the surface the daily maxima will be lower for a good
conductor, and the daily minima higher. The surface of
the soil with good conductivity has more moderate tem-
peratures; by analogy with macroclimatologic processes,
one might say it had an oceanic surface climate. This
acquires great practical importance during the critical
spring weeks in our temperate latitudes. Plants in a
soil with good conductivity are not stimulated to pre-
mature growth by too much heat during the day, and the
higher night temperatures experienced for the same rea-
sons reduce the danger of late frosts. A further con-
sequence is that soils with good conductivity give off
less heat during the day to the adjacent air, and there-
fore the L-term in the heat economy is smaller. More
of the heat received in radiation is retained within the
soil; the average temperatures of well-conducting soils
are higher. Diurnal temperature fluctuations penetrate
deeper into such soils, however, than into poorly con-
ducting soil. (p. 145)
In 1893 an experiment was done in Finland testing the
temperature fluctuations in three soils; granite, sandy heath
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and bog, :n order of their conductivity from good to bad.
Figure 74 shows that the granite conducted heat down to 60 cm.
and had less diurnal variation than the sandy heath. The bog
soil, because of its high moisture content, lost too much heat
by evaporation so that it can not be compared directly to the
two other soils.
Geiger presents an interesting concept in Figure 75 and
Table 40, homogeneous soil types that behave as if they were
composed of two layers. We see that in 0 - 5 cm. layer the
order of conductivity, from low to high, is sand, loam, clay,
but below 5 cm. the order of conductivity is reversed and con-
sequently the sand is warmer at a lower depth than clay or
loam.
The information in Table 42 could be useful to architects
and site planners.
The mixing of soil types to achieve better thermal proper-
ties for agriculture is a well known practice. By increasing
the conductivity of a soil the farmer can reduce the diurnal
temperature fluctuations and also the risk of damage by frost
action. See Table 44.
Even the simple act of cultivation can change the thermal
nature of a soil by introducing air into the soil and reducing
its conductance.
Ground Color, Surface Temperature and Ground Cover
Ground color has a very significant effect on the heat
balance of the ground surface and the soil beneath. The
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following graphs in Figure 76 show an experiment conducted in
India. White powder was spread on the experimental surface
at point A and removed at point B from the dark soil. As can
be readily seen, the surface temperature dropped as much as
15*c on the experimental surface.
As would be expected, dark vertical surfaces absorb more
heat than white surfaces. Even though a black wall is warmer
and therefore emits more heat as long wave radiation, tomato
plants planted in front of a black wall will not produce as
many tomatoes as those in front of a white wall. However, the
tomatoes in front of a black wall will be more leafy and grow
more quickly.
To repeat an important point made earlier, the ground
temperatures fluctuate more widely than the air temperatures.
See Figure 79.
Mulching of the soil is a common agricultural practice in
New England. Besides keeping the weeds down, it is helpful in
maintaining a microclimate at ground level that is beneficial
to the growth of the plant. Generally speaking, in New England
the mulch should keep the soil cool by day and warm by night,
and reduce water loss by evaporation. The mulch, such as
straw, usually has a higher albedo than just unprotected cul-
tivated earth, therefore the air temperature above the mulched
surface is higher, but the ground surface beneath the mulch is
considerably cooler during the day.
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Soil Moisture and Ground Frost
Although the chart in Figure 83 was made from data col-
lected in Germany it is not without relevance to the New
England situation. The change of the moisture content of a
soil is very important because the soil constants are changed.
The density, the heat capacity and the thermal conductivity
will increase as the water content of a soil increases. Figure
85 shows the dependence of thermal conductivity on water con-
tent in a sandy soil.
Water moves in the soil because of gravity, capillary
action and differences in water vapor pressure. Other things
being equal, water will move from areas of higher temperature
to areas of lower temperature. This type of movement becomes
of particular importance when the ground is freezing and
thawing. When the ground freezes there is a change of physi-
cal state because the water in the ground that freezes increases
in volume by almost 10%. The specific heat of ice at 0*c is
only .505 cal/g/*c which is only little more than 1/2 that of
water. Therefore the thermal capacity of the ground is markedly
decreased in frozen ground. See Table 50.
Of interest to the architect is the fact that the depth
of frost action is reduced by a layer of snow which acts as
a thermal blanket. Also it is known that damp soil freezes
more slowly, because of the latent heat released, and to a
lesser depth than in a dry soil. See Figure 90.
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Type of Plowed
ground Sand & Gravel land Clay Bog
North Finland 126 cm 100 cm 90 cm 88 cm
South Finland 72 cm 47 cm 50 cm 42 cm
(Geiger, p. 179)
Although snow is caused by conditions that are determined
by the macroclimate, the rate of melting of freshly fallen
snow is determined in large part by the microclimate. By
analyzing the melting patterns of the snow, site planners
could quickly determine much about the microclimates of a
particular area. He would find that areas that lose their
snow cover first will have soils of higher conductivity and/
or a favorable radiation balance.
Layer of Air Above Small Water Surfaces
Before discussing the effect of small water surfaces on
the air layer immediately above it, the reader should be re-
minded that large bodies of water act as superconductive ground
and that heat transfer is not limited to conduction.
The heat economy in solid ground was controlled almost
exclusively by molecular heat transport, that is, poor
conduction. In water, which is mobile, there is mass
exchange. The action of wind on the surface causes a
certain amount of mixing in the uppermost layers. To
this frictional exchange there is added, as in air,
convectional exchange. Cooler parcels of water sink
downward while warmer parcels rise. Water therefore
has the properties of extremely conductive soil.
Following the rules established for good conductors
(see p. 145), the daily temperature fluctuation at
the surface will be small, amounting in the open sea,
for example, to only a few tenths of a degree. In
contrast, much thicker layers take part in the process
of heat exchange. This applies also the the annual
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turncver of heat, giving rise to the differences between
maritime and continental climates. (Geiger, p. 184)
However, when water cools to +4*c it becomes dense and sinks
and the water temperature becomes uniform and all convectional
mixing stops. Spontaneous freezing could occur during the
calm periods of winter nights because there is also no fric-
tional mixing. When there is enough frost action to prohibit
mass exchange in the water, the climate resembles that of the
land; the water has lost its moderating effect.
The grape grower is sensitive to the microclimatic effect
of a river at the foot of his west or east slope vineyard.
Sunlight coming in at low angles is reflected by the river;
this additional radiation makes the difference between a
successful and non-successful vineyard. Architects should be
sensitive to this phenomena.
Water achieves its moderating effect because of the depth
to which radiation is able to penetrate. As Table 52 illus-
trates, shortwave radiation penetrates relatively deeply while
longwave radiation is absorbed near the surface. Of course no
body of water is perfectly clean. Table 53 shows the effect
of foreign matter on light penetration in various water bodies
of Europe.
Water surfaces can be classified into the following
categories:
A. Stationary waters
1. Small bodies of water
a. Puddles: small, flat temporary collections
of water in which there is no temperature
stratification because the temperature is
determined by the ground.
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b. Pools: permanent or temporary collections
of water in which there is temperature strati-
fication which can change daily. It is still
heated by the ground.
c. Ponds: permanent body of water in which there
may be diurnal variation of stratification but
in which there is no development of a summer
discontinuity layer.
2. Lakes: permanent body of water which does have a
summer discontinuity layer which is the zone that
separates the surface layer, which is subject to
diurnal temperature variation, from the thermally
stable deep water.
3. Open Sea
B. Flowing water
Below in Figure 95 are shown some typical tautochrones for
puddles and pools. As stated above, the pool is nearly iso-
thermal with only slight cooling at the surface because of
evaporation. On the micro scale, however, the center of the
puddle on a cloudy day enjoys a "maritime" climate in comparison
to the surrounding grounds. The pool already shows temperature
stratification, the bottom is 8* cooler than the top because
radiation penetrates very slowly into the lower layers. It
has been observed that the daily temperature fluctuation ob-
served at the surface decreases with depth in the water with
the rate of decrease being inversely proportional to the fourth
root of the depth.
Ponds are again a completely different story as shown in
Figure 97. The diurnal temperature fluctuation is very small.
We also find the isotherms are practically horizontal below
one meter; therefore the deeper water is hardly affected by
radiation on a daily basis. The temperature of the boundary
air layer over the water in ponds is determined by the water
temperature much the same way the temperature of the boundary
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air layer over ground is determined by the ground temperature.
Of course, the air temperature over the water is cooler because
the water is cooler. Surprisingly the water in a pond does not
give off large amounts of evaporative moisture; it gives off
less than the surrounding land during the day because it is
cooler. The source of water vapor around ponds is the water
side vegetation. Ponds that are overgrown with weeds, etc. are
warmer than comparable ponds that are free of vegetation because
the vegetation is warmed more quickly than the water by the
solar radiation; therefore if the weed density is high enough
the weeds will heat up the water.
The Air Layer Near the Water Surface of Lakes, Seas and Rivers
The diurnal temperature variation in large bodies of water
is very small in comparison with the annual variation. For
some alpine lakes it was only 1* or 2* c on the average even
in midsummer. On the open ocean one finds diurnal fluctuations
measured in tenths of a degree. Since the diurnal water tem-
perature change is minimal:
The temperature difference between surface water and
the air over it is no longer determined by the regular
temperature variation of the underlying surface of such
large inert masses of water, but by the irregular change
of air masses. If the water is warmer than the air,
the air near the surface behaves in much the same way
as the air near the ground at a time of incoming radi-
ation. An unstable sublayer is built up, as described
in Sec. 12, in which gradients are superadiabatic...
If, on the other hand, water is colder than air, the
layer close to the surface behaves in a way similar to
the outgoing radiation situation above the ground.
(Geiger, p. 196-197)
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The study of the heat. economy of flowing water present; s
the researcher with many problems mainly because the environ-
ment around the water is constantly changing; a river passes
through forests, fields and cities. However, as a rule in
the summer, spring water, the source of many brooks, is colder
than the water would be in equilibrium with the environment.
It is also known that the modification of river temperature
with time along its course is inversely proportional to the
distance from the source. The diurnal temperature fluctuations
interestingly enough decrease as the river moves further from
its source. The air above the river is entrained in the flow
of the river; this effect only extends up a few meters above
the surface of the water.
Air Layer Near Snow and Ice
Snow is not an element, having only one set of physical
constants, it is as varied a surface as the ground itself.
Looking at the density alone, one sees that dry powder snow
can have a density of .01 g/cm 3, while new snow has a density
of 0.1 to 0.2 g/cm 3; old snow's density is 0.3 to 0.5 g/cm 3
3
while compacted snow and ice can be as high as 0.9 g/cm
Figure 106 shows the height and structure of snow cover in the
alps. One can see that the density increases with depth as
would be expected. However, the highest density is not at
the bottom, but toward the middle of the snow cover because
the water produced by the snow on top melted by radiation does
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not reach the bottom. The water in the middle is in equilib-
rium between the downward force of gravity and the upward
force of capillary action and diffusion. The albedo of new
snow is very high, 75 to 95%; as snow becomes old and dirty
the albedo decreases rapidly, down to 40%. One can readily
observe in cities or in the country that dirty snow melts much
more rapidly than clean snow, this is true because the dirty
snow with its lower albedo absorbs more radiation, which
raises its temperature causing it to melt. Light (as well as
heat from solar radiation) penetration into snow is less than
into water. See Figure 107.
Of interest to architects is the fact that the thermal
conductivity of snow (X) is very low; it is a good insulator
(witness the igloos). A layer of snow acts as a blanket for
the ground, frost penetration is less. Of course, the air is
colder because the ground does not give up its heat to it.
Just as the albedo is affected by snow's density so is the
thermal conductivity. Ice is 60 times more conductive than
powder snow as shown in Table 54. Plants buried in snow are
generally protected from the extremes of winter air, the only
danger is that a layer of ice formed on the surface of the
snow, because of the snow melting and then freezing, will cut
off the plants supply of air. Plants that emerge above the
snow cover receive a large amount of reflected solar radiation
so that there is a danger of their becoming overheated.
Figure 112 shows the melting pattern around trees which
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indicates that the trunks become quite warm. Trees are also
exposed to the wind and wind-driven particles such as ice.
An interesting aspect of the melting process of snow is
the fact that snow melting is very dependent on the relative
humidity of the air (provided the air temperature is 0*c or
higher). The saturation vapor pressure of the air over melting
snow is 4.58 mm/Hg. If the vapor pressure is lower than 4.58
only evaporation will take place, but if the air is saturated
the water vapor in the air will condense from the air into the
snow. By releasing 600 cal. of heat for every gram of water
condensed, this heat will melt seven or eight times the quantity
of water originally condensed. The higher the humidity the
quicker is the melting.
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CHAPTER IV
Quantitative Determination of Heat-Balance Factors
Basis and Methods of Evaluation
Up until this point the text has been directed at giving
the reader a qualitative understanding of microclimatology.
Ideally the microclimatologist, or for that matter architects,
should be able to make quantitative calculations about the
microclimate, but as Geiger points out, "this is still very
difficult to accomplish today, and it demands at the least,
a very big outlay on instrumental equipment, great observa-
tional effort and much hard work." (p. 224)
The following is a quantification in terms of percentages
of the earth's heat balance. Figure 117 is supplied to aid the
reader.
Nineteen percent of solar radiation penetrates through
to the surface of the earth; 37 percent is scattered
diffusely in the atmosphere, of which 26 parts reach
the ground as sky radiation, and 11 are lost to outer
space. This 11 percent, together with 28 percent re-
flected by clouds, make up the reflection index or al-
bedo of the earth, which is 39 percent (Jupiter 41
percent, Venus 49 percent). Sixteen percent of the solar
radiation is absorbed by water vapor, carbon dioxide,
and ozone in the atmosphere, and is therefore converted
into heat which can be felt. While incoming radiation
lies within the short-wavelength range only, outgoing
radiation is 61 percent long-wavelength; 50 parts of
these are made up of the radiation given off by the
atmosphere and the other 11 escape from the ground
through a "window" in the atmosphere (p. 19) into
outer space. (Geiger, p. 225-6)
The rest of this section deals with various mathematical
methods for calculating the S, B, L, and V terms in the heat
balance equation. These calculations would probably confuse
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rather than help the reader's understanding of the basic heat
economy equation: S + B + L + V = 0. For the mathematically
minded reader, the reference is Geiger, p. 224 - 233.
Results of Previous Heat Balance Measurements
Figure 119 shows the daily heat exchange on clear days for
three seasons of the year. Once can readily see that B, L and
V are negative elements in the heat exchange, and that V is
the largest user of radiation. This situation is typical for
temperate climates with average humidity such as central
Europe. However, as Figure 122 clearly shows, in arid regions
this relationship is not true. While Geiger's discussion of
the regional differences in the heat budget is of great interest,
for the purposes of this paper it is more in the realm of macro-
climate than microclimate.
Advective Influences, Transitional Climate and Microclimates
Advection is the horizontal movement of air of one tempera-
ture into an area where the air temperature is different. While
the advective process can be the dominant feature in determining
a microclimate, it is very difficult to calculate and so it is
often left out of microclimatic calculations.
The microclimate that is set up by a boundary condition
between two types of ground surface (river and bank) is very
interesting as Figure 127 shows. In this example there was a
13* c difference between the air temperature over the water
and over the land only 8 miles away. A watered-down version
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of a land and sea breeze exists at this micro level. Figure 128
shows the diurnal temperature fluctuations at the banks of a
lake. The inclined lines to the right indicate relatively
warmer areas while those lines inclined to the left indicate
relatively colder areas.
Figure 130 shows the transitional climate of the boundary
between a concrete runway and a grass meadow at night. The
isotherms are vertical rather than horizontal which means that
each surface is generating its own microclimate in the air
immediately above it. The air over the concrete is warm and
dry while the air over the grass is moist and cool. Apparently
this vertical "stratification" extends up to almost 40 m; of
course, its effects are diminished with height.
Remarks on Evaporation
There are two types of evaporation. When water "evaporates"
from a wet road there is a change of state from water to water
vapor. When plants "evaporate" water they are transpiring.
Transpiration is called "productive evaporation" because it is
part of the plant growth cycle. The water that is transpired
has already brought nutrients from the ground into the plant.
Evaporation and transpiration are called "evapotranspiration"
when they occur together.
The world's water supply is distributed as follows:
3. 31,370,000,000 km in the oceans, 23,000,000 km in the form of
ice in the polar regions, 250,000 km 3 in lakes and rivers, and
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13,000 kw:3 in the atmosphere. According to observations total
precipitation and total evaporation are in equilibrium.
N + N = V + VL M L M
N = precipitation
V = evaporation
L = Land
M = Sea
Figure 131 shows the hydrologic cycle.
Evaporation needs both energy and water to occur. If
there is an unrestricted supply of water, we can speak of the
potential evaporation, but if the water supply is limited, then
there is an effective evaporation.
The latent heat of vaporization is dependent on the air
temperature. Snow and ice can also evaporate but the term used
for the heat loss is the heat of sublimation (677 cal/g).
Geiger presents a formula to determine the heat used in
evaporation:
r w
V =V + V +-rw (S + B) - wv a (E -e)S V w s E L
V5 = radiation fraction
V = ventilation fraction
e = vapor pressure
E = saturation vapor pressure
aL = the heat transfer coefficient which expresses the
amount of heat flowing from the surface to the air
per unit area and unit time for a 1 degree tempera-
ture difference between them
The other coefficients are given in Table 60.
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There is also the Dalton evaporation formula:
-V c (E' - e)
c = a constant based on wind speed
u (m sec -1): 0.1 0.5 1 2 5 10
c (mm hr 1 mm-Hg ): 0.007 0.016 0.023 0.032 0.050 0.071
Table 61 shows the rate of evaporation in millimeters per hour
for four different temperature differences as a function of
air temperature and relative humidity.
It is important to remember that if the V (evaporation)
factor of the heat budget is changed then other factors will
also change. Therefore if water is prevented from evaporating
from a pond because of an oil slick, then the temperature of
the pond water will increase substantially. Similarly, if a
grass area is paved over and evaporation is no longer possible,
the ground surface will be much warmer by day. Either of these
events, of course, would damage the ecological balance of the
area. Preventing the evaporation of precious water in arid
regions, on the other hand, might be a desirable goal.
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CHAPTER V
The Air Layer Near Plant-covered Ground
Until now we have been considering a vegetation free
ground surface; in reality, however, most of the earth's
ground surface has some form of vegetation as cover. Geiger
sums up the importance of vegetation to the microclimate as
follows:
Vegetation occupies the space between the earth's sur-
face and the atmosphere. A continuous plant cover not
only takes up space, but by virtue of its properties
forms a transition zone, because the individual organs of
the plants, such as leaves, needles, twigs, and branches,
behave like solid ground, absorbing and emitting radia-
tion, evaporating, and playing their part in the exchange
of heat with the surrounding air. However, the air is
still able to circulate within the plant cover more or
less freely. Thus vegetation forms a new component part
of the air layer near the ground. (Geiger, p. 258)
Although plants do not have a large thermal capacity, in fact
it is not that much larger than air itself, plants do have an
effect on the earth's heat budget. Plants allow short wave
radiation to pass through them; one often sees a subdued
greenish light in a dense forest.
Heat Balance and Temperature of Plant Components
Radiation economy of a leaf has three components, re-
flectance or albedo (R), penetration coefficient (D), and
absorption and conversion into heat (A). Therefore R + D + A=
100%. The shortwave length albedo of plants ranges from 5 to
30% while the longwave length albedo is around 40%. At night
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vegetation, like solid ground, behaves almost as a black body.
See Figure 133. The penetrability of leaves by radiation also
depends on the wavelength. As Figure 134 shows, there is a
high penetrability for the infrared radiation, but our eyes
are not sensitive to these wavelengths so the weaker maximum
in the green wavelengths is what dominates.
For short wavelength radiation the remaining heat factor
(A) is what is used by the leaf for evaporation and just heating
the leaf. In the longwave lengths the leaf acts like a black
body absorbing both the counterradiation from the sky and the
terrestial radiation from the ground; the leaf will emit long-
wave radiation according to its temperature. Different types
of leaves have differing percentages of R, D and A in their
radiation budget. Plants can influence their radiation budget
not only by the form of their leaves but also by the movement
of the leaves.
As might be expected, leaves create a mini microclimate
around them. There is a boundary layer a few millimeters
thick at the surface of the leaf where the temperature gradient
between the leaf and the air is resolved. Evaporation, of
course, is used as a cooling device by plants. Generally the
temperature of the leaf is higher than the air during the day
and lower thaL the air at night. Thus during the day, heat
is transferred from the leaf to the air, but the temperature
gradient is usually not more than 10* c on a sunny day while
at night it is only 2* c. It is helpful to know that the
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temperature of the leaf is usually between the temperature of
the surrounding air and the ground; the ground being the warm-
est during the day and the coldest at night of the three.
Radiation, Diffusion and Evaporation in a Low Plant Cover
In a typical meadow the total surface area of the vegeta-
tion growing there is roughly 20 to 40 times the surface a:cea
of the ground on which it grows. This increase in surface area
in itself has no effect on the radiation budget; given the same
weather situation and location, bare ground and vegetation-
covered soil receive the same incoming radiation (I, H, G) per
square meter of surface. The long wave outgoing radiation is
also the same per square meter of surface provided the two
surfaces are at equal temperatures. Bare ground and vegetation
usually have different albedos; this difference accounts for a
difference in the radiation balance between the two types of
soil.
In the vertical dimension, however, vegetation does have
an effect on the distribution of radiation. As Figure 141
illustrates the amount of radiation per square meter is the
same for the two types of surfaces, but in the case of the
vegetation the amount of radiation that actually reaches the
ground is less, most of the radiation is absorbed by the
vegetation. Nocturnal radiation has a similar distribution in
the grass vegetation; at ground level it is low and it gradually
increases until at a point just above the grass it is equal to
what it would be if the surface has been just bare ground.
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Since the amount of radiation received and emitted by a plant
depends on its vertical position within the vegetation cover,
one would expect differences in temperature within the vege-
tational mass. This situation exists, but it is moderated
substantially by emission and absorption of longwave radiation
and turbulent mixing.
As the above discussion indicates, there is in fact a
new boundary surface at the top of the vegetation. The ground
surface loses its great importance to the microclimate of the
area. The microclimate of an area with vegetation cover is
quite different as Geiger points out:
The described vertical distribution of radiation re-
ceived and emitted by vegetation means that the tem-
perature extremes cannot be so great as when the ground
is bare. The temperatures of a vegetation cover are
lower by day and higher by night. Vegetation makes
the climate milder, more maritime in type.
As explained earlier, wind speeds increase with distance
from the earth's surface. The vegetation cover's effective
surface also affects wind speeds. The earlier equation becomes:
z-d
u = c log( z)
In this equation (d) is determined by the observed wind profile,
it is not the height of the vegetation. Natural surfaces also
have different roughnesses which affect wind flow across them.
See Figure 145.
The evaporation rate for vegetation cover is much larger
than for bare ground; there is, however, a natural limit set
by the radiation balance, evaporation requires energy. The
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transpiration rate is determined by how much water a plant
must transpire to produce a gram of dry substance. Rates vary
according to plant types and species, trees range from 70 (pine)
to 400 (Beech) while agricultural plants are between 400 and
600.
The Microclimate of Meadows and Grain Fields
A basic tenet of microclimatology is that the microclimate,
if all other factors are the same, becomes milder as the cover-
ing of the soil increases. Table 65 shows this fact quite
clearly, the sedge being the tallest and most dense.
The temperature (t), the humidity (R.H.), the wind speed
(u) and the saturation deficit (E-e) for a grass meadow are all
shown in Figure 147. One can see that in the lower 10 cm. there
exists a microclimate that is considerably different than the
climate above the grass. This microclimate is exactly what
insects and small animals need to exist, they could not sur-
vive if the vegetation cover was removed. Table 66 shows what
an impact vegetation with a vertical structure can have on such
an agriculturally important issue as frost. The tall grass
suffers only 1/2 the number of frosts and also the first frost
arrives two months later.
One also usually finds that the relative humidity is
highest within the plant cover than over bare ground. Relative
humidity tends to decrease as the height within the cover
increases.
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The Microclimate of Gardens, Potato Fields and Vineyards
All vegetation cover obviously does not have the same
physical form. The previous section dealt with plants with
a vertical structure, grain and grass. This section is con-
cerned with plants having a horizontal structure, flower beds
and vineyards. Figure 155 shows the temperature profiles of
a flower bed. If one compares these profiles with those of
winter rye, a vertical structure, in Figure 148, one will find
that the zone of maximum temperatures is higher in the flower
bed than in the rye. This difference is due to the fact that
sunlight can penetrate further into the rye. At night, while
the upper surface of the flowers radiates, the cooler air can
sink to the ground more easily than in the rye; therefore the
minimum always lies at the ground surface in flower beds.
German grape vineyards are interesting because from a
macroclimatic point of view they are on the northern limit of
the area in which grapes can be cultivated. To maximize the
quantity and quality of the crop, the grape growers must be
very adept at controlling the microclimate of the vineyard.
As mentioned earlier most successful German vineyards are
located on an east or a west facing slope above a river. The
land is terraced so that the vines are easier to work; each
step is backed by a stone wall which not only retains the
earth, but creates its own special microclimate in front of it.
There are also stone walls running down the slope; these act
as both wind breaks and heat storage units. Since they are
loosely piled, their thermal conductivity is low; therefore
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below ground level they are cool and moist, a good microclimate
for trees and bushes that grow up there and increase the ef-
fectiveness of the windbreak. Since any slope is subject to
the flow of cold air (therefore frost) at night the grape
growers will shut off the upper boundaries of their vineyards
by thick hedges and/or trees.
While human beings and grapes obviously have different
physiological makeups, etc., site planners should not be ob-
livious to some of the microclimatic lessons that can be learned
by studying such "artificially" created microclimates.
91
CHAPTER VI
Problems in Forest Meteorology
Radiation in an Old Stand
There are three different microclimates within an old
stand of trees: the forest floor, the trunk area and the
crown area. The top of the crown area is the outer active
surface.
There, in a narrow vertical zone, radiation is received
and emitted, the wind is allowed some degree of pene-
tration, and the contrast between the outside climate
and that of the trunk area is decreased by the turbulent
mixing which, although strongly inhibited, takes place
in the crown area. Microclimate of the crown area is
therefore characterized by a great degree of instabili-
ty. The contrast between it and the equilibrium in the
trunk area is very noticeable, as is known by anyone
who has experienced the striking difference on entering
a wood from the blistering summer heat, a howling gale,
or biting winter cold of the open country. (Geiger,
p. 299)
The trunk area is the transitional zone between the crown and
the forest floor. It is basically an enclosed space; this
characteristic is what differentiates a forest stand from the
plant covers discussed previously. The forest floor is, of
course, very different from bare ground.
Even though forests are basically different from the other
plant communities discussed, it still has a horizontal struc-
ture in terms of light penetration. Figure 158 demonstrates
the light diminution in the two basic types of vegetation
cover. Grasses, having a vertical structure, show a concave
curve which means that most of the light penetrates to the
lower levels. Woods, on the other hand, having a horizontal
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structure, show a convex curve, which means that most of the
light is absorbed in the upper levels of the plants.
The amount of cloud cover in the sky has an effect on
the amount of light that penetrates into a stand. As can be
seen in Figure 159, the light intensity is, of course, less on
cloudy days, but the rate of decrease is less than on sunny
days.
Table 72 should be of considerable interest to archi-
tects who are concerned with the impact of solar radiation
on their buildings. For example, the architect designing for
a densely wooded area cannot ignore the fact that most of the
sunlight will not reach the walls of his buildings. Therefore
in order to attain the same natural light levels in his build-
ing he will have to use much larger glass areas. Since solar
radiational heat inside a building is a function of the amount
of sunlight that enters the building, the architect can use
large expanses of glass in a wooded area without necessarily
increasing the cooling load of the building.
The amount of light penetrating the trees and reaching
the forest floor varies considerably depending on the type,
density, and maturity of the forest. Forests in temperate
regions starting off as seedlings have a high penetrability;
as the seedlings turn into trees the penetrability decreases
until it reaches a minimum. As the young trees develop into
mature trees, the stronger specimens kill off the weaker ones.
The forest then has less, but stronger trunks which allow more
light to penetrate than in the previous stage. The amount of
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light that penetrates is very important to the forest floor;
it determines what plant cover can grow on the floor. If the
forest floor receives less than 16% of the total outside light
it is essentially dead. Mosses can survive when the percentage
is between 16% and 18%. Berry plants appear when the percentage
rises to 22% - 25%. Naturally seeded fir trees require 30c to
grow. See Table 73.
Figure 163 shows the arrangements of instruments used for
studying the stand climate in a growth of young firs near
Munich. Figure 164 shows the radiation balance in the above
mentioned fir stand for a sunny day in late summer. One can
readily see that the widest fluctuations occur at the ten meter
mark, in the air above the stand, while the most moderate
diurnal variation occurs at 2.4 meters in the trunk area. It
should be noted that the trunk area only receives direct
radiation when the sun is overhead. Table 74 is interesting
because it shows that the day (positive radiation balance) is
longer at the forest floor than in the crown area.
Heat Balance and Wind in an Old Stand
The presence of the forest cover, of course, has an in-
fluence on the heat balance of a particular area because of
the following:
In the first place there has to be taken into account
the quantity of heat required by plant metabolism.
Secondly, the thermal capacity of trunk, branches,
twigs, leaves, or needles has to be considered.
Finally, we have to think of the part played by the
air mass in the trunk area (p. 299), which forms a
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transitional zone between the forest floor and the
free atmosphere. (p. 309)
Part of plant metabolism is, of course, photosynthesis; the
plant produces glucose from the CO2 extracted from the air and
water taken from the sap. Solar radiation is the energy that
drives this process, therefore photosynthesis can only take
place during the day. One gram of glucose requires 4000 cal.
for its production. The amount of solar energy that is used
by plants for photosynthesis is on the order of .005 cal/cm 2
min. or roughly 1% of the incoming solar radiation. Plants
also respire which is the process of photolysis; this process
releases energy into the atmosphere. This gain of energy from
photolysis is on the same order of magnitude as the amount of
energy used by photosynthesis. Therefore, plant metabolism
can be left out of the heat balance equation because of its
small magnitude and the absence of net gain or loss.
Figure 167 shows the heat exchange in a fir plantation.
One finds that the amount of heat exchange in the air mass
(P ) is relatively small and can almost be neglected. The heat
exchange in the wood and needles (P ), however, is quite large,
larger than the heat exchange at the forest floor (B). The
wood and the air mass have a small thermal capacity so they
respond more quickly to the changes in solar radiation, while
the ground, with its larger thermal capacity, shows a con-
siderable lag time. If the heat exchange of the forest as a
whole is considered, Pl , p, and B become insignificant
95
because as we know from earlier discussions, B is the smallest
part by far of the heat balance equation: S + L + V + B = 0.
The influence of a forest on the wind profile is impor-
tant. It is basically the same as with other plant material
except that the height of course is greater and that the wind
profile is not always a smooth curve. In woods where the
trunks of trees are free of branches one finds that the wind
speed is slightly higher in the trunk area than in the crown
area. The foliage of a deciduous woods also has an effect.
The amount of undergrowth also is of importance as shown in
Figure 170. The architect or site planner in some cases does
have the choice as to whether the undergrowth will be left or
cleared. The microclimate of the cleared (of underbrush) site
would have greater diurnal variations, but it would also have
better ventilation for summer cooling. The normal situation
for within a forest is calm as shown by Figure 171. The tops
of trees are at 5 meters.
Air Temperature and Humidity in an Old Stand
Geiger conducted an experiment in which the temperature
was recorded at 5 heights within 30 seconds over the course of
a day. His description of the results is as follows:
Readings were started before sunrise, when temperature
was at its lowest in the radiating crowns of oaks at
a height of 23 m, and measurements were made at 5
heights at 30-sec. intervals. At sunrise the first
thermo-element to receive heat was the one above the
level of the stand. At this hour there is a marked
boundary surface in the crown area; within the stand
it is still nighttime and the air is cool and moist;
above it the morning sun is heating strongly and
96
reducing the relative humidity. "The division is clearly
perceptible to all who climb the observation ladder on
a clear morning; thousands upon thousands of winged in-
sects fill the space above the boundary surface, and this
living cloud is sharply cut off at its lower edge." (R.
Geiger (618), p. 852). Temperatures in the crown area
react toward 08:00, slowly at first, because their rich
coating of dew must first be evaporated. The great
temperature instability in the crown area makes a contrast
to the uniform and slowly increasing temperatures of the
trunk area.
About noon (Figure 173) a state of equilibrium is reached:
temperature curves then run horizontally, being dis-
tinguished from each other by their degree of instability.
Temperature decreases from the maximum in the crown area
upward into the tree atmosphere, and downward into the
trunk area, as it should do in an incoming-radiation
situation. The temperature decrease in the evening, in
contrast to the increase in the morning, leads to an
increasing stabilization in the stratification of the air,
whereas morning heating produced increasing instability.
(p. 316-319)
See Figures 172 and 173.
Not surprisingly, thin woods have different diurnal tem-
perature variations than dense woods as shown in the isotherms
for the two types of woods in the following illustrations.
See Figures 174 and 175. Table 76 shows the temperature and
relative humidity in a dense fir plantation. One can see that
it is 4* cooler during the day and that the daily fluctuation is
5.40 c less at the forest floor than aloft.
The relative humidity is highest close to the ground and
decreases with height and also with the amount of incoming
radiation as shown in Figure 177.
Dew, Rain and Snow in an Old Stand
A free-standing tree will shelter the ground below from
outgoing radiation at night, and below its canopy there will
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be a dew free area of ground while the crown will be covered
with dew.
The effect of an isolated tree on rainfall depends on
whether or not there is foliage on the tree and on the form of
the tree. Generally speaking a tree with leaves will act as
an umbrella. The precipitation will be conducted to the outer
edge of the foliage where it will then fall to the ground.
The ground at this outer edge of the tree will have as much as
160% of the precipitation in the open. Some types of trees
such as the pyramid oak (Figure 179) actually act as a funnel;
the water flows down the trunk in large quantities.
Less water reaches the ground in a wooded area than in
the open country; therefore, if the soil conditions are similar,
there will be less ground water in the woods. The difference
in the amount of water reaching the ground is accounted for
by the process known as "interception." The crown area of the
forest actually retains some of the water on its leaves and it
also evaporates freely from the leaf surface. In a light rain
certain types of leaves can retain most of the water from pre-
cipitation for several hours. The shape and size of a tree's
leaves determine the size of the drops that fall once the
leaves become "saturated." Figure 180 shows a few types of
trees. This knowledge could be very important to a site planner
in deciding what type of trees to either save or plant on a
site; the larger the drop size the more potential for erosion
of the soil beneath.
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As would be expected.there is a difference between the
interception and trunk flow rates of deciduous and evergreen
tress. Although the throughfall is nearly the same, a deciduous
tree will allow more water to reach the ground than an evergreen
because of the large trunk flow of the deciduous; Table 78
illustrates this fact quite clearly.
While a high percentage of wet snow clings to the branches
of trees interception of winter precipitation, when taken on a
seasonal basis, is less than interception of summer rain. The
cause of this behavior lies in the fact that evaporation is
reduced at low temperatures and that the snow accumulated on
the branches will eventually fall to the earth in clumps. It
has been found that the ratio for snow depth of open land to
woods is 100:90 while for rain it is 100:73.
Microclimate at the Stand Edges
The stand edge is a very important place for many reasons.
One will usually find the most complex ecosystem existing at
the edge of a forest; it is the home of many animals. Man also
seems to prefer this edge condition as his habitat. The
microclimate of this edge is very dependent on its orientation
and its surroundings. In short, it is a very important place
and very susceptible to ecological damage. The site planner
once again must understand what is happening microclimatically
in order to design successfully with nature and climate.
The edge climate develops its uniqueness for two reasons.
It is a transition zone between open field and closed forest;
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cold air from the forest drifts out to the field, for instance.
More importantly the forest edge acts as a sudden and quite
high step in the local topography. The microclimatic impli-
cations of this "cliff" should be rather evident to the reader:
changes in radiation received, wind speed, and ground water.
In considering the microclimate of stand edge the propor-
tion of sunlight and shade is of prime importance. The greater
the proportion of diffuse radiation, in winter or on cloudy
days, the less significance orientation has on the microclimate.
The monthly sunshine duration for stand edges in Europe is
given in Figure 185. The intensity of the sunlight is more
important than the number of hours; Figure 186 gives these
figures.
The species of tree determines the amount of sunlight that
enters the stand at the southern edge; deciduous trees allow
more light to enter than evergreens. As can be seen from
Figure 185, north facing edges will get little or no direct
sun depending on the month of the year. A north facing stand
will cast a shadow on the adjoining meadow; the length of the
shadow is determined by the height of the trees, the day of the
year, and the hour of the day. The stand edge is favored over
open land at night because the counterradiation from the forest
is much more effective than that of the sky. The forest edge
also blocks some of the outgoing radiation from the ground for
reasons already discussed in the beginning of Chapter I. The
following chart gives the effective outgoing radiation as a
percentage of the outgoing radiation from open country, using
the distance from the edge of the forest as multiples of the
height (h) of the stand. The blocking action of the forest
rapidly loses its effectiveness because most outgoing radiation
is lost near the zenith, 80% is lost to the sky dome which
begins at 30* above the horizon.
Distance D 0 0.2h 0.4h 0.6h 0.8h h 2h 3h
A(Lauscher) 50 60 70 78 84 88 95 98
B(Bolz) 50 79 83 87 89 91 96 98
A forest can be both a passive and active influence on
the wind patterns of an area. A stand edge as was explained
earlier acts as a step in the topography; the wind must go up
and over this step because it can not go through it. Winds
that are oblique to the stand edge are in many cases "steered"
along the line of the stand; the wind speed at the edge usually
increases during this process. During the day the air over the
open ground is heated more than the air deep within the stand,
thus the cool air may flow out from the trunk area as a day-
time breeze similar to a "sea breeze." The passive influence
of the forest on wind patterns is of much greater consequence
than the active influence.
The effect of the stand edge on wind and snow is deter-
mined by the wind field. When the stand edge is in the lee of
the wind, it is common to find snow drifts in this zone of
relative calm. Rain behaves differently at the stand edge; the
wind shadow usually means a rain shadow. The following
measurements were made during the summer of 1947 on the lee
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side of a stand of 40 meter poplars; unfortunately, according
to Geiger, these are the only such recordings that exist.
Distance (m): 4 14 24 outside
Rainfall(mm): 8 33 76 105-110
As Table 81 indicates, fog seems to precipitate much more
heavily in wooded areas than over open land. This fact would
mean that the amount of moisture in a stand after a foggy night
is considerably heavier than in a neighboring field; therefore
any building within the stand, or near the stand on the lee
side, would be exposed to more moisture. The effects of moisture
on a building are too well known to need to discuss them here.
Further Problems Concerning the Local Climate of Forests
This section deals with the microclimates that are found
within clearings in a forested area. While this information is
mainly directed at foresters wishing to replant filler areas or
to start seedlings within an established forest, it is of con-
siderable interest to an architect wishing to maximize the
microclimatic conditions of a cleared space which might be
used either as a building site or a recreation area. In a
small cut the microclimate remains much the same as in the
surrounding forest; however, as the size is increased there
is an increasing danger of frost because of the still air in
the cleared space. Only when the size of the cutting approaches
that of a clearing can the wind penetrate and reduce the danger
of frosts by mixing. Geiger gives a ratio of diameter of the
cutting (D) to the average height of the surrounding trees (H)
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as a guide to determining -cutting size based on frost penetra-
tion. A cutting with a D:H ratio of less than 1.25 seems to
have no frost problem while from 2.00 upward frost damage was
considerable. Unfortunately at night during the critical irost
periods, the wind is practically nonexistent so that mixing is
negligible. Temperature decreases linearly with the increase
of the size of the clearing. Table 82 and Figure 189 illus-
trate the points made in the above discussion.
The microclimate within a clearing is not uniform; Figure
190 shows the local conditions that existed in a clearing.
Figure 192 is important from an architectural point of
view because of the large scale eddy with its resultant up-
drafts and downdrafts that is created by a clearing in the
woods. These drafts can cause trouble for fireplaces and
natural ventilation systems if they are not considered. The
presence of trees in the clearing will tend to destroy this
eddy motion.
Figure 195 shows the diurnal temperature variation within
a closed forest area; it is a good summation of this section
in that one can see the effect of new growth clearings and old
growth on temperature.
Shortly before sunset, and about 2 hrs before sunrise,
the isotherms are crowded together and run in a mainly
horizontal direction. This means that temperatures
change sharply everywhere at the same time. The de-
crease in temperature at sunset and its increase in
the morning are such large-scale meteorologic features
that all differences in the stand are insignificant by
comparison. When the heat balance approaches equilib-
rium, however, the local differences come into full
effect. This is seen more clearly at night than during
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the day (Figure 195), in the "islands" of isothermal
pattern which are more sharply marked at night. The
reason for this is the smaller movement of air by night
and its thermally stable stratification. Temperature
exceeds 250 C at noon in three places: these are - as
seen from the sketch of the trees at the top - the clear-
ings, the young growth, and the open land. These areas
are very cold at night, falling below 11* C in several
places. The isotherms also show very clearly how slowly
the night cold penetrates into the old stand. (p. 359-
60)
Remote Climatic Influences of the Forest
While the previous sections have made it clear that forests
are of considerable importance in determining the microclimate
of an area, the importance of forests in determining the macro-
climate is not so clear. Forests, of course, are of consider-
able importance environmentally on a macro scale. On wooded
slopes the critical angle of slope at which erosion starts is
between 20* and 30* while for open fields it is only between 1*
and 7*. Damage by erosion in new subdivisions where trees
were stripped off of seemingly flat land is, unfortunately,
commonplace. The forest's influence on the water budget of an
area is very large as shown in Figure 196. Water loss through
evaporation and runoff is less in the forest than in the
cleared area. In the forest more water is used in productive
transpiration than in the cleared area, but a forested area
provides less water to the ground water supply than the cleared
area. The forest's chief function in the water budget is that
of a regulator; it controls runoff and evaporation.
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CHAPTER VII
The Influence of Topography on Microclimate
Insolation on Various Slopes
Sloping ground is described by both its angle of inclina-
tion and the direction toward which it faces; a north slope
is a slope that faces north. The microclimate of a slope is
in part determined by the amount of solar radiation it re-
ceives. A southern slope will receive more direct solar
radiation and heat than a horizontal field, and a northern
slope will get less direct solar radiation and heat than a
horizontal field given the same latitude, etc. The amount of
direct solar radiation depends on the latitude, the declination
of the sun, the altitude of the sun, the angle of the slope,
and the orientation of the slope. Geiger includes a table of
references to works that have computed direct solar radiation
for various areas, unfortunately all except one are in German.
Figure 199 gives the direct solar radiation for N, S and E
slopes at 50* N latitude.
By carefully studying Figure 199 one can get a good
understanding of what a difference a change in the orientation
or in the angle of inclination can make in regards to the
amount of direct solar radiation that is received. It is
interesting to note the time and the slope of the surface
when the intensity of the direct solar radiation is the
strongest for the differing orientations. For the south and
north slope the intensity is greatest at noon, while for the
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east slope it varies. The north slope receives its maximum
when it is horizontal, while the south and east slopes' in-
clination for the maximum varies; generally speaking they go
from flat to steep from summer to winter. While direct solar
radiation is very important to the radiation budget, one can
not ignore the diffuse and reflected radiation that falls on a
surface. In fact according to some measurements the diffuse
and reflected radiation account for more than one-half of the
total radiation budget. What is a favorable orientation de-
pends on the species of plant or animal that one is concerned
with and also the macroclimate. In a temperate region such as
Germany or New England, a southern slope is most favorable for
man and horticulture. Even though diffuse and reflected
radiation are important parts of the radiation budget in New
England, the gain in heat made by a southern exposure is very
significant. A clear example in New England is the fact that
almost every ski area faces north so that it can retain its
snow cover longer.
The Effect of Differing Amounts of Sunshine on Microenvironment
Figure 204 shows the daily temperature variations in the
bark of a tree. It is important to note that the curves are
not symmetrical around the noon hour even though the amount of
direct solar radiation is equal. The explanation is quite
simple but universal in its implications. The morning sun
uses much of its energy in raising the temperature of the whole
trunk from its nighttime minimum, while the afternoon sun, of
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course, does not have to do this work. Figure 209 shows that
there is a significant temperature difference between the
ground and the top of planting drills that run north-south;
drills running east-west did not show this gain. The informa-
tion gained here can be applied to architectural problems as
well; to maximize heat gain buildings should run east-west.
Figure 210 again is referring to plants but one could easily
consider the rows of plants to be rows of buildings. The key
refers to the ratio (E) which is the height of the plants to
their perpendicular distance apart.
Small Scale Topographic Influences at Night
Of great importance to farms and site planners alike are
the nocturnal cold air currents that flow through the air close
to the ground. They are caused by the cooling of the air in
contact with the ground or the upper surfaces of plants which
are colder at night than the air. This cooling increases the
density of the air and therefore it flows to lower levels,
thus there is not a uniform layer of cold air over the ground
surface; the cold air is concentrated at the low points in the
topography as shown in Table 88.
The rate of flow of these small scale cold air currents
has been calculated to be about 1 m/sec which is rather weak
and hardly noticeable by an observer in the field. These
currents are also easily contained or directed by obstructions
or barriers. However, cold air contained by an obstruction
will not dissipate during the night; it will sit there as a
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cold air lake. Most concave surfaces at night will tend to
develop cold air puddles, ponds, or lakes depending on the size
of the concave surface. As pointed out earlier the slope of
the surface does not have to be steep; Figure 215 shows the
effects of cool air currents on a slope that is about 4%.
However, there are other factors at work in broken terrain
that determine the night temperature within small hollows.
The other four factors are: (2) the increase in counter-
radiation which results from the screening of the hori-
zon in the hollow, leading to a change in radiation
balance that reduces the frost hazard (a few figures
were given earlier, on p. 23); (3) the reduction in
turbulent exchange produced by the dish shape, which
keeps the temperature low at night; (4) the heat supply
from the soil of the slopes when the hollows are deep
and narrow; and (5) shortening of daylight as the sun
rises later and sets earlier. (p. 397)
The interaction of these factors tend to give the results that
are illustrated in Figure 216. Part (I) of the figure illus-
trates a cold air pocket formed primarily by cold air flow;
Part II illustrates the result of reduced air turbulence,
lower temperatures, and Part III shows the effect of the heat
supplied by the soil, higher temperatures.
The existence of these five factors affecting air tempera-
tures near the surface at night does not allow temperatures for
specific places to be calculated; they must be measured. How-
ever, one can make an accurate qualitative analysis on the
basis of the above information.
As in much of microclimatology, an increase in scale does
not change the basic principles. In the above discussion we
were concerned with very local conditions on a small scale.
108
As would be expected, cold air pools can form in much larger
topographic features such as the Gstettneralm Sinkhole. Sepp
Aigner's description of it is a classic:
"I was allowed to go with the keeper to the grazing
cattle, and we also climbed down into the Gstettner
while doing so, and my companion told me that a dog
froze in front of the shepherd's hut which once stood
there, that when the weather was cloudless the cattle
would always leave the bottom in the evening and climb
up the slopes, not returning again until some time in
the forenoon, that in the bottom of the sinkhole every-
thing was white with hoarfrost in the morning, that
pools of water often froze at night, and so on. Shep-
herds and hunters have known from time immemorial that
the Gstettneralm Sinkhole was a cold hole. They also
saw that dwarf pines grew at the bottom and firs started
to appear only farther up." (p. 398-99)
The following, Figure 217, should dispell any remaining doubts
the reader has concerning the severity of certain microclimates.
Local Winds in the Mountains
Topographic features can have both an active and passive
role on the air flow over it. It is active when topographic
features, such as mountains and valleys, give rise to differ-
ences in temperature and pressure which in turn creates a wind
field. It is passive when topographic features, such as hills
and ridges, modify the existing wind field.
Mountain winds with a diurnal fluctuation can be divided
into three basic types: compensating winds, mountain and
valley winds, and slope winds.
Compensating winds are brought into existence between
level country and neighboring extensive mountain areas,
through greater heating which causes the isobaric sur-
faces over the plain to bulge upward, thus creating a
horizontal pressure gradient that produces a movement of
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the air mass above the plain toward the mountain. A
retu::n flow occurs at night with the reversal of the
temperature difference. A snow cover on the mountains
will increase the temperature contrast and thus favor
the creation of compensating winds. These are large-
scale air movements which can increase to gale force
only in narrow passes linking mountains and plains.
(p. 404)
Slope winds are of two types, upslope and downslope, the former
occurs during the day and the latter at night. Nighttime
downslope winds are similar to the small scale cold air current
discussed earlier, but as the following chart shows, the wind
speeds are higher. The greatest speed is also found between
20 and 40 meters above the ground; downslope winds may also be
gusty over steep slopes.
Height above
slope (m) 5 10 20 30 50 100
Downslope wind at
night (m sec-1): 1.0 1.5 2.3 2.4 1.9 0.2
Upslope wind at midday
(m sec-1): 2.3 2.9 3.7 3.9 3.4 2.4
Upslope winds are found only during the day because they are
dependent on solar radiation. Upslope winds, as the previous
chart showed, move at greater speeds than downslope winds; this
situation exists because the radiation exchange is greater
during the day. Upslope winds are caused by the fact that the
slopes receive solar radiation earlier and in greater quanti-
ties than the valleys so therefore they are warmer; the air
flows from the cooler valleys up to the warmer slopes. Figure
220 shows a cross-section of a valley with its upslope and
upvalley (indicated by the larger dots, intended to show a wind
110
blowing perpendicular to the plane of the paper) winds. As
Figure 220 indicated, there are both upvalley and upslope
winds as well as downslope and downvalley winds. These four
types of winds form a double system. Upslope winds are iniated
earlier and end earlier in the day than upvalley winds so there
is a definite diurnal phase pattern as illustrated in Figure
221 and described by Geiger.
Diagram A shows the position shortly after sunrise.
The upslope winds have set in (light arrows), but,
since the air in the valley is still colder from the
night than the air in the plain outside, the downvalley
wind is still blowing (black arrow) and is still being
fed by the return flow from the upslope circulation.
It soon dies out with further heating. For a time (B)
the upslope winds occupy the picture alone. This is
the time when the air in the valley heats most quickly.
Toward midday (C) the wind up the valley sets in and
feeds the upslope winds, and for its own part is
supported by the return flow descending from greater
heights in the center of the valley (see Figure 220).
This is the hour at which chains of cumulus clouds
appear above the slopes, while the sky remains clear
where the air is sinking over the center of the valley.
In the late afternoon (D) the upslope winds cease to
blow; the upvalley wind continues to blow for only a
short time. It has been shown by H. Berg (806) that
in valleys running N-S in the Allgau Alps an upslope
wind continues to blow up the west slope when a down-
slope wind has set in over the east slope, which is
in shadow. Such situations with different degrees of
insolation must give rise to a cross-valley wind,
according to the theory of T. A. Gleeson (816).
Sooner or later, as evening draws on, the downslope
wind sets in. The change may often be observed from
smoke trails, as shown in photographs taken by F. Winter
(848) at the exit of the Heidelberg Valley. Diagrams
F, G, and H of Figure 221 correspond to B, C, and D in
the morning. (p. 408-410)
Valleys also act on air flow in a passive way. They can act
as wind lanes and redirect the flow of a prevailing wind.
The windward side of the valley, of course, would feel the
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pressure of the wind while the lee side would be relatively
calm. Valleys depending on their topography also have the
danger of being a trap for stagnant air. In Figure 224 we
see that a construction in the width of a valley essentially
dams up the cold air flow. Therefore cold air seems to flow
more like a thick molasses than water.
Climate of Various Slopes
The climate of a slope is determined not only by its
orientation (amount of radiation received) but also by other
factors. The wind field cannot be equal for all sides of a
theoretically cone-shaped mountain. The windward side will
favor the formation of upslope winds, while the leeside will
have gusty winds. During the day we find that the air is
warmest at either the foot of a hill or at the top if it is
protected from the wind. Moisture conditions also play an
important part in determining the climate of a slope. On a
macroclimate scale we often see situations where the windward
side of the mountain has an abundance of rain while the lee
side is virtually a desert; the effect of the Rocky Mountains
is a case in point. This macroclimatic rain shadow is not
transferable to the microclimatic'scale. On the microclimatic
scale precipitation is usually found on either side, but
generally it is heavier on the windward as Figure 227 shows.
Only when the wind speed drops below 7 meters/sec does more
rain fallon the flat than on the lee side collector. Soil
112
moisture, as we already know, is an important factor in deter-
mining the heat budget. As we already know, the morning sun
uses its energy to dry out the soil while the afternoon sun
uses its energy to heat the soil. Since this process occurs on
a continuous basis an initially homogeneous soil will eventually
develop different characteristics, such as the temperature
pattern. Even the pattern of the cloud cover in an area can
affect the heat budget significantly.
Figure 233 is interesting because it rates various slopes
climatically. These ratings are on a scale from 1 to 5 where
1 is the highest and 5 the lowest. Temperature (T), daytime
radiation CS) and relative humidity (F) are the factors
evaluated.
Mountain Valley and Slope
This section will consider the effect of elevation on
local climate. The site planner is often faced with the
problem of where to build on a slope; the following discussion
will help him make this decision, at least, from a climatic
point of view. Earlier the analogy between cold air flow and
cold water flow had been made. This analogy is too gross to
be of any further use; as Figure 235 illustrates, cold air does
sink to the bottom of the valley but it is not stratified in
horizontal layers of increasingly warmer layers until the top
of the valley is reached. Instead there is a thermal belt
of warm air on the upper slope of the valley with cold air
below and above it on the flats.
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Figure 238 and Figure 239 show the diurnal temperature and
humidity variations for 3 stations set up in the valley, on the
slope, and at the peak of the Grosse Arber. As can be seen the
valley has the greatest diurnal fluctuation in both temperature
and humidity. The slope is the warmest at night.
As mentioned earlier the snow melting pattern is a good
indicator of microclimate. It is therefore not surprising
that the leafing of the trees follows a similar pattern for
the same area. Figure 243 and Figure 245 illustrate this point
quite clearly.
Valleys are not only colder at night, but also more prone
to fogs, and still air laden with dust and industrial pollution.
As Geiger points out:
It is not surprising that the existence of such a warm
belt was known from early times, long before there was
any scientific knowledge of climatology. In Germany
this area was preferred for the earliest villages,
monasteries and country houses. (p. 437)
Figure 240 and Table 90 give information for an experiment con-
ducted on the Grosse Falkenstein in May, 1955. As one can
readily see from Table 90, the area between stations 7 and 9
on the slope is the warmest at night. The top of the Grosse,
station 2, was the coldest area during the day; the bottom of
the slope, stations 12 and 14, was the warmest area during
the day and the coldest area during the night. Figure 242
shows the frequency of the warmest night temperatures measured
on the Grosse Arber during the springs of 1931 and 1932. We
again see the triple division of slope climate and the exist-
ence of the warm belt.
114
Microclimate in the High Mountaint;
The climate near the ground at higher elevations, above
100 meters, has different basic characteristics. The heat
budget is different from the heat budget at lower elevations.
Direct solar radiation increases with height above sea level
because the atmosphere is thinner; therefore it absorbs and
scatters less of the incoming radiation. For the same reason
diffuse radiation is less on clear days. The extra solar
radiation is absorbed by the ground so that we find the ground
gets increasingly warmer in respect to the air as the elevation
increases. The following table shows the excess of ground
temperature over air temperature measured by J. Manor.
Elevation (m): 600 1200 1800 2400 3000
Excess (deg): 0.5 1.3 2.0 2.5 2.9
At the same time the ground temperature at higher elevations
is subjected to greater and quicker temporal fluctuations pro-
duced by the movements of clouds. Rugged mountains, of course,
have steep slopes and deep valleys, both of which have signifi-
cant effects on the incoming direct solar radiation received
by a particular place. Wind speeds and precipitation also in-
crease with height. All of these conditions yield very fragile
ecosystems in higher mountains. As this summary is directed
primarily at site planners and architects who seldom design
for such terrain, this section of the summary will be con-
cluded here. The implications of the fragility of mountain
ecosystems, however, should not be lost upon these professionals.
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Regional Planners, of course, are well advised to consider
most carefully any development of the higher mountain areas.
At lower elevations the repair and restoration of natural
ecosystems is a costly and difficult process; at higher ele-
vations it is practically physically impossible to do. Table
91 is included without additional comments for those who would
like to have figures on climatic changes due to height.
Terrain Climatology
This section concerns itself with the mapping of climatic
information. One can readily find world and even regional
climatic maps, but these are not of a small enough scale to
be of use to the site planner and architect on the microclimatic
or even the mesoclimatic scale. Mesoclimatic information com-
bined with geological and vegetational information give the
"terrain climate" or "topoclimate" of an area. Unfortunately,
the mesoclimate information in most cases does not exist be-
cause weather gathering stations are too few and far between
to provide data on this scale. As Geiger states, "The most
direct way of establishing the climate of a terrain or topo-
climate is to increase the density of the network of observa-
tion stations." (p. 456) This method is rarely available to
the site planner or architect for many reasons, two of which
are the time and money involved. However, they can make use
of nearby weather station data by interpolation of spot
measurements at the site, of information collected from local
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farmers and gardeners and of personal observations of plant:
and animal life and weather phenomena. This method, of course,
requires a working knowledge of macro and microclimates;
hopefully this summary has provided a basis for this aspect
of a design professional's education.
The Microclimate of Caves
Although an understanding of cave microclimatology is
crucial in understanding some types of indigenous and special
use architecture, at present it does not seem relevant to the
purposes of this paper. For those readers who wish to explore
this topic further, please turn to pages 462 through 467.
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CHAPTER VIII
Relations of Man and Animals to Microclimate
Animal Behavior
Animals are less dependent than plants and more dependent
than humans on climatic conditions. Geiger's discussion in
this section is interesting but not particularly relevant
in regard to the particular examples used. However, the de-
signer must be aware of the microclimatic needs of the wild-
life on a site, if he is at all interested in their continued
presence after development. If the designer is well equipped
with microclimatic knowledge, he can prevent or, at least,
control undesirable wildlife.
Animal Dwellings
Animals who build shelters are by necessity very sensitive
to climatic factors. Figure 255 shows a termite's nest that
is orientated to reduce the impact of the midday sun. While
it is a bit naive to think that one can make direct use of
animal designs in the solution of human habitational problems,
designers should develop an animal-like sensitivity towards
climatic factors.
Man and Microclimate
Man's indifference to microclimate is well known. There
is no need to present here a lost list of man's crimes against
ecosystems and microclimates; one needs only to look around
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to appreciate their magnitude. An interesting aside for the
plant freaks in the audience is the following discussion about
greenhouse climate. Solar radiation enters through the glass
roof and walls; only 7 to 8% is reflected and 8 to 15% is
absorbed by the glass. The ground and the plant materials in
the greenhouse radiate longwave radiation but most of this
longwave radiation is absorbed and re-radiated in both direc-
tions by the glass. This phenomena occurs because glass is
basically opaque to longwave radiation. The radiation that is
radiated back into the greenhouse builds up the heat load of
the greenhouse. One last note on greenhouses; those oriented
on an East-West axis perform better than those on a North-
South axis, at least in our latitudes.
Cryptoclimate is the term used to describe completely or
partially enclosed spaces. This science extends from habitable
spaces to the interior of vehicles. Helmut Landsberg says
that man can feel comfortable only with a temperature between
180 c and 32* c, but he is able to extend his areas of habita-
tion to places where temperatures range between -76* c to +63*c.
The climate within a room depends on the geographic lo-
cation of the building and the location of the room in the
building. The room's exterior orientation, elevation above
sea level, type of windows, topography of the surrounding
area, etc. determines its climate. Air is exchanged between
the exterior and the interior by either ventilation or
infiltration. The former is designed to happen while the
latter occurs despite the designer's best efforts.
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Infiltration occurs through cracks around windows and doors
and even through the pores of the materials in the walls. The
rate of infiltration depends mainly on the wind speed, the
number of walls exposed to the exterior and the number of
openings in these walls. One can find in other sources co-
efficients for infiltration rates, but it is not unusual for
the volume of air in a room to be exchanged completely within
an hour by infiltration alone. Even within a room with no
outside influences the temperature is not constant throughout
the whole room. One will find temperature stratification by
height in a room; the hot air rises and is found near the
ceiling as Figure 259 illustrates.
City Climate
City climate is different from country climate. The
most important reason for this difference is that the city has
a different heat and water budget. The city's surface which is
made up of buildings and paving does not allow moisture to
penetrate. Therefore whatever precipitation that occurs is
quickly lost. The roughness of the surface is also increased
so that the wind patterns are much more random than in the
country. The amount of domestic and industrial heat generated
by man and his machines is not small; it is equivalent in
winter to the heat received from solar radiation in Germany.
The smoke and dust that pollute the air above cities also
have an effect on the radiation balance; between 10% and 40%
of the solar radiation does not reach the ground because of
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air pollution. The polluted air absorbs part of this sola:c
radiation and re-radiates as long-wave radiation. As we know,
longwave radiation occurs both during the day and the night.
The increased cloud cover also is good protection against
nighttime radiation loss from the ground. These two factors
combine to make the city warmer at night than the surrounding
countryside. While city climate is a recognized phenomena, the
microclimatologist should not ignore other factors, such as
topographic situation, when analyzing a city's climate.
Artificial Protection against the Wind
The use of shelterbelts to reduce windspeeds is probably
as old as agriculture. The effectiveness of a shelterbelt in
reducing windspeed depends on the wind direction in relation
to the belt, the height, the width, and the makeup of the belt.
Shelterbelts effect the wind on both the downwind and upwind
sides. The effect of the shelterbelt in depth for a given wind
speed is proportional to the height (h) of the belt; Figure 265
gives the effect of a shelterbelt as a function of its pene-
trability. Of great interest to the designer is the fact that
the denser the shelterbelt the greater the reduction in wind
speed directly behind the shelterbelt. However, contrary to
expectations, we find that the effective distance of the
shelterbelt is greater when the belt is more penetrable. The
shelterbelt is effective on winds other than those perpendicular
to the belt. Thus minor changes in wind direction (up to 450
from the prevailing wind direction) will not significantly
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affect the performance of the shelterbelt. Figure 266 illus-
trates what actually happens to the wind speeds when the wind
hits a barrier. The isotachs, lines of equal wind speed, are
shown. We can readily see the results of differing penetra-
bility which was discussed above.
When dealing with large tracts of land it is common to
use several shelterbelts in a row. Figure 268 illustrates the
effects of these multiple shelterbelts. As would be expected,
they will work as a unit in reducing wind speeds. Unfortunately,
there is no way to give a generalized formula which would enable
one to determine the most effective distance between shelter-
belts. Geiger says:
There are too many factors at work, such as the nature
of the shelterbelt, the frequency distribution of wind
directions, local features, and the topography of the
area; it would also be impossible to devise experimental
areas such that the local results would lead to general
conclusions. (p. 503)
Shelterbelts should not be expected to be "wind steering lines,"
but a grid of shelterbelts can increase the surface "roughness"
substantially, thereby in effect placing the "boundary layer"
at a higher level.
It should, not be forgotten that shelterbelts have other
microclimatic effects besides those on the wind. Shelterbelts,
of course, throw shadows which alter the radiation balance.
The effect of the shelterbelt will be more marked in winter
because the shadows are longer. Table 97 gives some figures
for this effect during the spring.
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The end condition of -a shelterbelt as in buildings is
very critical. As the reader knows, any obstruction placed
in the path of the wind will create greater wind speeds at
the edges of the object, both in plan and section. Figure 270
shows this effect in plan. A designer obviously should be aware
of such conditions.
Apparently there is a great deal of debate on whether a
shelterbelt on a slope will be a cold air dam at night,- and
therefore increase the possibility of frost. Geiger points
out that temperatures in shelterbelts are usually higher than
in the open, and also that if the shelterbelt is relatively
open below, the cold air can flow through. Thus if the danger
does exist it seems to be minimal and avoidable.
The effect of shelterbelts on snow accumulation is an
important design consideration in New England. The snow
drifts found on the lee side of snow fences are a familiar
sight in winter. Geiger says that lack of movement of the air
immediately behind the snow fence (or any other obstruction)
favors atmospheric precipitation. Since the snow accumulates
in the lee of the fence, it is obvious why the fence is
placed at some distance from the road it is to protect. In
Aronin's book the reader can find tables for the exact distance.
The distance, of course, depends on the height of the fence,
the permeability of the fence, the velocity and the direction
of the wind, and the nature of the terrain.
Figure 271 shows an experiment using sand as a substitute
for snow.
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Figure 271 shows the results obtained by H. Kaiser 11091]
with piles of sterile industrial sand. The windspeed
profile in the lee of the obstruction was measured before
the sand started to drift, for winds perpendicular to it,
at a height of 1.4 m in (a), 38 cm in (b), and 45 cm in
(c). The sand accumulation has been exaggerated four
times. The figure shows accumulation behind: (a) an
impenetrable brushwood barrier after 6 yr; (b) a pene-
trable brushwood fence after 2 yr., and (c) a snow fence
with a clearance at the ground, after 6 mo. (p. 508)
Finally Geiger points out that the most valuable result for
agriculture of shelterbelts is the reduction of evaporation in
the protected fields. The architect should remember that the
elimination of evaporation is not always a desirable goal.
Houses that are surrounded by dense evergreens tend to be damp
and could easily rot if they are made of wood.
My summary will end here because the rest of the book is
not relevant to architects.
Site planning and architecture are not fields where one
can devise one set of criteria which will work for all sites
and programs. Therefore, a designer needs a background in
all the sciences and arts that are related to the problems
of architecture and site planning. This knowledge will
enable a designer to establish and evaluate his own criteria;
he will then be able to evaluate the trade-offs that he will
have to make when designing. The preceding notes from Geiger
hopefully will give a designer a basis for the development of
environmentally sound design criteria for microclimatic
decisions. Olgyay has set forth in his book one possible
design process which integrates climatic criteria. William
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Finch has developed a set of operational criteria and a system
for mapping them in his section of this thesis.
The following list of considerations was not developed
into a set of criteria by this author because it is his feeling
that this procedure would make them too specific for the pur-
poses of this section. Volume I of this thesis is basically
the theoretical foundation on which the operational structure
of Volume II is built. These considerations are not listed
in any particular order or ranking.
1. The albedo of surfaces close to buildings should be care-
fully considered. A surface such as asphalt that has a
low albedo and a high storage capacity is undesirable near
a building that is occupied at night during the summer.
Grass or other vegetation is preferred because the air
above it is cool at night.
2. Materials used within a foot of the ground should be re-
sistant to severe frost action.
3. Lower level units need relatively larger openings than
upper level units to achieve the same amount of ventilation
because wind speeds increase with height.
4. Light colored walls and roofs will reflect summer heat, but
the designer must be careful that the heat is not reflected
into a space where it is not wanted, such as a patio.
5. Windows oriented East or West that are overlooking a
sizeable body of water must be provided with solar control
devices that will intercept the reflected light from the
water.
6. Areas adjacent to water bodies have a more moderate climate;
the larger the body of water, the greater the effect.
7. To maintain existing ecosystems, as little of the vegetation
should be removed. Clearing underbrush, particularly at
the edge of stands will deprive much of the wild life in
the area of a home.
8. Light penetration in old stands of deciduous trees in
winter is between 33% and 66% of the light in the open and
during the summer it is only 50% - 33%. For evergreens it
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is above 4% - 40% all year around. Designers should take
these figures into account when calculating solar heat
loads and also natural lighting.
9. Humidity is higher in woods than in fields.
10. Wind is practically nonexistent in a forest below the
tree tops.
11. Vegetation should not be removed from slopes without con-
sideration of erosion problems.
12. Forests control water runoff and evaporation. Less water
actually reaches the ground in a forest than in the open.
13. Forests have a moderating influence on the microclimate of
the area.
14. The edge of a stand is very important microclimatically
and ecologically. It is the favorite habitat of not only
animals but also man.
15. The edge of a stand will cast shadows depending on its
orientation.
16. The edge of a stand acts as a "step" up in relation to
wind flow.
17. Tree lines can actually "steer" the wind.
18. Snow will accumulate in the lee of obstacles such as trees.
19. Forests have more fog than adjacent open areas.
20. Cleared openings in woods that have a diameter less than
the height of the surrounding trees have the same micro-
climate (essentially) as the rest of the woods.
21. The orientation and angle of inclination of the slope
determines the amount of solar radiation that the slope
will receive.
22. Although the amount of solar radiation received is symetri-
cal on either side of noon the effect it has on an object
is not. The morning sun will have to warm a cold object
while the afternoon sun will just super-heat it.
23. Cold air pockets form at night in low spots in the topog-
raphy and cold air moves down hill at night.
24. Winds blow upslope during the day and downslope at night.
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25. There is a thermal belt of warm air on the upper part of a
southern slope while the valley is filled with cold air
and the top of the slope is exposed to cold winds.
26. The snow melting pattern of an area is a good indication
of the microclimate.
27. City climate is different from country climate because the
city has a higher heat storage capacity and a lower water
storage capacity.
28. Shelterbelts are useful in controlling winter winds.
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Aronin, Jeffrey, Climate and Architecture, N.Y. Reinhold, 1943.
A lot of useful information, but not strong on integrating
it into a design process.
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Seems to be the most complete text on climatology.
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Most authoritative and complete book on microclimatology.
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information.
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Olgyay, Victor, Design with Climate, Princeton, N.J., Princeton
University Press, 1963.
A definite must for any architect interested in this
area of architecture.
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SECTION V
VENTILATION
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At the outset, it is necessary to define the difference
between ventilation and infiltration. Infiltration is the
unintentional, but unavoidable air leakage through cracks and
interstices of windows and doors and through the walls and
floors of a building. Ventilation is the intentional displace-
ment of air through specified openings such as windows and
doors and by ventilators. What is at issue in this paper is
how the desired ventilation is to be achieved. Basically,
ventilation can be achieved by either natural or mechanical
means. It is obvious to this writer that in an advanced
technological society such as our own many building types and
many specific uses require mechanical ventilation. However,
there are some types of use that do not need mechanical venti-
lators or at least are a luxury that in the face of the energy
crisis we can ill afford. one of the most flagrant misuses of
air conditioning is in the low to medium density housing of
the suburbs of New England. It is the contention of this
writer that a well designed dwelling unit of this type does
not need air conditioning. In the Boston area there are
approximately 150 hours during the entire summer of 2928 hours,
or 5%, when the temperature is at 85*F or above. In Worcester
the temperature reaches 90*F on only six days during the entire
summer.
Besides the energy issue, there are other perhaps less
scientific, but certainly still important arguments against the
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use of air conditioning in these types of buildings. Many
people have fled to the suburbs "to get back to nature" amongst
other things. Although it is questionable as to how much "na-
ture" there is left in the suburbs, people are certainly not
going to find or enjoy nature in hermetically sealed boxes.
This writer feels that man should interact with his environment
as much as possible. Contact with nature should not be only
an isolated and insulated event such as the occasional Sunday
barbecue. Natural ventilation is just one part of a whole life
style.
This writer recognized that a strict economic analysis of
natural vs. mechanical ventilation would necessitate the inclu-
sion of so many factors (cost of exterior wall surface, cost of
fixed vs. operable glass, cost of heating, cost of services,
cost of land, market appeal, etc.) that it quickly goes beyond
the scope of this thesis. Judging from what is built today,
mechanical ventilation seems to have won the economic fight.
However, rapidly increasing energy costs may reverse this trend.
At the present moment it would seem that the strongest arguments
for natural ventilation are in the areas of changing life styles
and personal preferences.
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While there is no evidence of any toxic volatile material
given off by man to the air, there is no doubt that people
living indoors bring about certain chemical and physical changes
to the air. Indoors the oxygen content of the air decreases3
and the carbon dioxide content increases, but both occur so
slightly, except in a sealed room, that it has no measurable
effect. However, man does give off heat and moisture which
combine with organic materials found on both the skin and in
clothes to produce odors. These odors might be unpleasant,
but they are not harmful. Nevertheless, for esthetic and psycho-
logical reasons people have found it desirable to ventilate in-
door spaces. The amount of ventilation required is a function
of the amount of odor which is to be removed (since infiltration
is sufficient to maintain acceptable oxygen levels). The amount
of odor in a space is a function of the number of people, the
size of the space, the socio-economic class of the people, the
activity of the people, the age of the people, the temperature,
the relative humidity and the air supply. Table 10.14
(McGuinness and Stein, p. 208) gives ventilation requirements
for various occupied spaces.
Any designer must understand the body's thermal inter-
action with the environment if he hopes to create a comfortable
environment. Body temperature is dependent on the balance of
the heat produced and the heat lost by the body. The basic
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thermodyn&nic equation given by the ASHRAE Handbook of Funda-
mentals is:
M = ±S + E ± R ± C
where
M = rate of metabolism, heat produced within the body
S = rate of storage, change in intrinsic body heat
E = rate of evaporative heat loss
R = rate of radiative heat loss or gain
C = rate of convective heat loss or gain
(ASHRAE, P. 112)
The body of a nude man at rest in a space that has a temperature
of 81* - 86* F with still air will have to take no action to
maintain its heat balance. His body is at what is called the
neutral point. A change in temperature, clothing, air movement,
or activity would alter the neutral point. A nude body has
certain automatic physiological responses that is uses when the
temperature is either raised above or lowered below the neutral
point. When there is a drop in temperature or increase in air
movement the body responds by going into the "zone of vasco-
motor regulation against cold" which is essentially the decrease
of the flow of blood to the skin. This action decreases the
heat loss of the skin by lowering the temperature of the skin.
If this action is not sufficient, the body will enter the zone
of "metabolic regulation against cold;" it will start shivering.
These actions have the objective of preventing the cooling of
the deep body tissues. If these actions fail the body will
enter the "zone of inevitable body cooling" which is eventually
followed by death if relief is not provided.
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When the temperatures rise above the neutral point, the
body undertakes other reactions to protect the inner body tem-
perature. The first reaction is that of increasing the flow of
blood to the surface tissues so that their temperature is in-
creased and more heat is given off. The body is in the "zone
of vasco-motor regulation against heat." The next zone is the
"zone of evaporative regulation against heat," sweating. The
last zone before death is the "zone of inevitable body heating."
It is important for the designer to remember that air motion
facilitates heat loss by moving the hot, humid air in contact
with the skin away and replacing it with dryer air. Air move-
ment therefore can have a significant effect on human comfort.
Since environmental comfort is dependent on several
variables, it is difficult to give a precise definition. How-
ever, it is possible to define a comfort zone. The "effective
temperature concept" was developed to try to define a comfort
zone. The effective temperature combines the effects of tem-
perature, humidity, and air motion into a single value on a
single arbitrary index. Effective temperature is an index of
the degree of warmth felt by the body. Figure 12 (ASHRAE,
p. 122) is an effective temperature chart; the effective
temperature is a line rather than a point because there are
various combinations of conditions (wet bulb temperature to dry
bulb temperature) that will produce similar sensations of
warmth. The body will not be equally comfortable at all points
along a line of effective temperature because either extreme of
humidity is somewhat uncomfortable. The chart shows that the
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comfort zone is at 71 E.T. in the summer and 68 E. T. in the
winter. The relative humidity does not have a noticeable effect
on the body at comfortable dry bulb temperatures until the rela-
tive humidity goes above 70%. However, the higher the dry bulb
temperature goes above the comfort zone the more marked is the
effect of the relative humidity on the feeling of comfort. A
high relative humidity, of course, will impede the evaporative
cooling process which, as we know, is the body's chief cooling
mechanism.
Victor Olgyay presents in his book, Design With Climate,
the Bioclimatic Chart, Figure 45 (Olgyay, p. 22), which corre-
lates various climatic and comfort criteria. A designer can
determine what, if any, natural corrective measures should be
taken to restore the feeling of comfort in a given climatic
situation. For example, if the dry bulb temperature is 77* and
the relative humidity is 45% no corrective measures are neces-
sary because this point lies within the comfort zone. However,
if the temperature is 80*, a wind of approximately 500 fpm would
restore the feeling of comfort to an individual. A helpful
conversion factor is that 1 mph wind equals a 88 fpm wind.
According to ASHRAE Handbook of Fundamentals, indoor design
conditions for long term exposure are set on the basis of dry
bulb temperature and relative humidity rather than on the ef-
fective temperature. The optimum comfort range for lightly
clothed individuals at rest in still air is between 77.6* F at
30% relative humidity and 76.5* F at 85% relative humidity.
However, the designer must also be aware of the Mean Radiant
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Temperature (MRT) of the walls of the occupied space. In the
summertime the MRT of the walls is usually higher than the air
temperature. Generally the dry bulb temperature should be
adjusted 1.4*F for each 1.0* MRT. Thus, in the summer the
indoor design temperature is usually set at 75* F to compensate
for the higher MRT of the surroundings. During the winter the
MRT of the walls is usually lower than the air temperature, but
people are generally dressed with heavier clothes so it is
acceptable to use 75*F as the winter indoor design condition.
The air temperature may vary between 73* F and 77*F in the
occupied zone without causing any discomfort. The relative
humidity normally should not exceed 60% (to prevent deteriora-
tion) and should not fall below 20%.
Table 1 (ASHRAE, p. 378) gives some of the climatic data
necessary to determine the outdoor design temperature condition.
Since the data is not usually collected at the precise location
for which a building is planned, it is necessary for the designer
to make adjustments to the data. The designer who is familiar
with microclimatology can make some qualitative and quantitative
guesses as to the site conditions. The ASHRAE Handbook of
Fundamentals gives some rules of thumb to help the designer
interpolate data from listed weather stations for other nearby
locations.
1. Adjustment for Elevation. For a lower elevation,
the design values from Table 1 should be increased,
while for a higher elevation, the values should be
decreased. The increments used in these adjustments
are:
Dry-bulb temperature 1 F deg per 200 ft
Wet-bulb temperature 1 F deg per 500 ft
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2. Adjustment for Air Mass Mcdification. Short distance
variations are most extreme near large bodies of water
where air moves from the water over the land in the summer.
Along the West Coast both dry-bulb and wet-bulb temperatures
increase with distance from the ocean. In the region north
of the Gulf of Mexico dry-bulb temperatures increase for
the first 200 to 300 miles, with a very slight decrease in
wet-bulb temperatures due to mixing with drier air inland.
Beyond this 200 to 300 mile belt, both dry-bulb and wet-
bulb values tend to decrease at a somewhat regular rate.
3. Adjustment for Vegetation. The difference between
large areas of dry surfaces and large areas of dense foliage
upwind from the site can account for variations of up to
2 F deg wet-bulb and 5 F deg dry-bulb. The warmer tempera-
tures are associated with the dry surfaces. If the nearest
official weather station is well surrounded by buildings
and streets (large dry surfaces), and the precise location
where design data are needed is similarly surrounded, no
adjustment is needed. But if the local exposure at the
location site is quite different from the nearest weather
station listed in Table 1, an adjustment of 1 F deg wet-
bulb and 2 F deg dry-bulb may be easily justified.
(ASHRAE, p. 372-392)
Natural ventilation in buildings is dependent upon two
different forces; air movement caused by pressure movements and
air movement caused by temperature differences. The former is
a function of wind coming up against an obstruction (the
building in this case) which creates high and low pressure
areas. There is a high pressure zone on the windward side and
low pressure zones are produced along the sides and in the lee
of the building. The high and low pressure zones are a function
of wind direction and building geometry. By placing inlet
openings on the high pressure side and outlet openings on the
low pressure side an air flow through the building would be
created by the pressure differences. The size and location of
these openings is the subject of the water table experiments
done by this author. The results of those experiments will be
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discussed in a later chapter. The rate of the air flow can be
calculated by the formula
Q = 3150 AV
where
Q = rate of air flow, cu ft/hr
A = area of inlets, sq ft
V = wind velocity mph.
(Olgyay, p. 104)
William W. Caudill in his Texas Engineering Experiment
Station Research Report #22 "Some General Considerations in the
Natural Ventilation of Buildings," lists eight characteristics
of air flow. High pressure areas, wind shadows (low pressure
areas) and flow due to pressure differences have already been
discussed above. Moving air tends to travel in the same direc-
tion because of its inertia. In order for morning air to
change direction it used some of its energy, therefore a change
in direction will reduce the speed of the air. The more abrupt
the change of direction the more energy is lost. It should
also be remembered that fast moving air that is forced to change
direction loses much more of its available energy than slow
moving air undergoing the same change of direction. To achieve
the maximum air change, openings should be as large as possible,
directly opposite each other and perpendicular to the path of
the prevailing winds, and of equal size. Maximum speed of the
air through the building, however, is achieved by making the
outlet larger than the inlet, the "Venturi Effect." Caudill
also feels that for a single room structure a low inlet and a
high outlet is the best combination.
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Temperature differences as indicated earlier also effects
air flow in a building. As the reader is well aware, hot air
rises. The larger the temperature difference between inside
and outside, the greater the vertical distance between the in-
let and the outlet, and the larger their size, the greater the
influence of this "stack effect" on the air movement within
the building. The rate of air flow for the stack effect can be
calculated by the following formula:
Q = 540 A JH(t - t 0 )
where
Q = rate of air flow, cu ft/hr
A = area of inlets, sq ft
H = height between inlets and outlets, ft
t. = average temperature of indoor air at height
H, *F
to = temperature of outdoor air, *F
(Olgyay, p. 112)
It is obvious that this effect will be of little value in
achieving natural ventilation in low one story structures, but
in multi-story single family structures (where privacy is not
an issue) it can be quite helpful in ventilating the building.
The designer and builder should also take care to ventilate
attics and lofts so that hot air can not collect in them.
Both the "stack effect" and the pressure differential
effect can work separately or together either in harmony or in
opposition depending upon the design of the building and the
atmospheric conditions at a particular time. As the ASHRAE
Handbook of Fundamentals points out, the wind does not always
come from the prevailing wind direction. The designer has to
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be careful. to not base his ventilating system entirely on one
wind direction.
Determining wind patterns and air flow outdoors is a very
uncertain art at best, without very costly and lengthy experi-
ments. Even these experiments are no guarantee of success,
witness the John Hancock Building and the Green Building. While
information on macroclimatic wind patterns is available, micro-
climatic phenomena will have a tremendous impact on the wind at
a particular site. The effects of wind breaks, forests, and
hills are discussed in another section. Robert White at Texas
Engineering Experiment Station is the only person who has
published any original studies that deal with the effects of
landscaping
cluded that
critical ef
and outdoor
prevent the
ating high
be expected
both at the
flow speeds
application
on the natural ventilation of buildings. He con-
landscape material Ctrees and bushes) do have a
fect on the natural ventilation of adjacent houses
spaces. The mass of a tree or bush does effectively
passage of air through it; it is an obstacle cre-
and low pressure areas. White also found, as would
from the above, that the air flow speeds increase
top and in the trunk area of a tree over the air
at similar heights in a free field. One obvious
of this knowledge to the design of summeroutdoor
space is that the placing of trees to the windward of the space
will increase the speed of the air flow through the space at
the height where it is most desired. The report is reproduced
at the end of this section for any interested reader. The
primary limitations of these experiments in the opinion of
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this author are that they assume a laminar flow (which rarely
occurs in nature) and many of them are not easily applicable
in a quantitative manner to the design of other spaces. How-
ever, the method of testing is there and could be used by
designers who had access to the proper equipment.
As mentioned earlier, building geometry or form has an
important influence on air flow patterns both within and around
a building. Of equal importance to the comfort of the occupant
is the effect that the vertical infill has on the air flow into
a space. Thus R. Holleman, also of the Texas Engineering Ex-
periment Station did a study on air flow through conventional
window openings. He tested a double hung window (simple
opening, movement of sash in the same plane), a casement win-
dow (vertical vane opening), a projected window and a jalousie
window (both horizontal vane openings). These tests are in-
cluded below. Basically he found that a simple opening window
should be placed at the horizontal level at which ventilation
is desired, perpendicular to the air flow and in front of the
location where air flow is desired. A vertical vane window
should be placed at the horizontal level at which ventilation
is desired, but it can direct air flow in plane at various
angles. A horizontal vane window should be placed below the
vertical level at which ventilation is required because this
type of window directs the air flow upwards, and it should be
placed in front of the area to be ventilated. One surprising
observation that Holleman made is that the position of the
outlet has little effect on the air flow pattern; he feels that
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the pattern is established-by the detailing of the inlet. As
the reader can see, the detailing of the infill is of vital
importance in achieving a workable natural ventilation system.
The architectural implications are enormous; the buildings on
a particular site do not have to be slavishly oriented in
exactly the same direction. The designer and/or occupant can
control his air flow patterns by simply manipulating the infill.
Thus a basic unit could be used while still providing flexi-
bility in orientation and in dealing with the microclimatic
peculiarities of a particular location within the site.
The designer must remember that natural ventilation cooling
of a space is not possible when the outside air temperature is
higher than the desired interior temperature except for the
evaporative cooling effect of moving air on the human body.
When there is no wind or the temperature and humidity are too
high for the evaporative cooling effect to be effective, the
designer must use other techniques to avoid discomfort to the
user of the indoor space in question. The designer should make
use of all the possible shading devices, both architectural and
vegetational, to cut down the heat gain of the space from solar
radiation. These devices are far too numerous and well known
to need discussion here; Olgyay is a particularly good source
for this type of information. The structure itself should be
insulated, especially the roof, against heat gain. Fortunately
in New England during the summer there is a diurnal change in
temperature. When plotted on a graph, the curve is in the
shape of a curve with its high point at 3:00 p.m. and its low
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point at 4:30 a.m. As Figure 4.5 (Konzo, Carroll, Bareither,
p. 149) shows, the indoor temperature has a curve in the form
of a wave, but it "lags" behind the outdoor temperature. The
larger the insulative value of the structure the longer is this
lag. Therefore, on days when the outdoor temperature is ex-
pected to go above the comfort zone, one strategy for main-
taining indoor comfort is to close all the "windows" during the
day. As can be seen in Figure 4.5, the indoor temperature will
not reach the same peak as the outdoor temperature, if the
"windows" are opened at 6:00 p.m. and the ventilation pattern
is adequate to allow the hot inside air to be flushed out
quickly by the now cooling outside air. The more effective the
ventilation, the more quickly will the indoor temperature drop
and the more closely will the indoor and outdoor air temperature
curves coincide during the cooler evening hours. This method
will obviously not work if there is not a significant tempera-
ture lag, if the structure is not well insulated, or if the
ventilating system is poorly designed. While the lag effect
of a heavy masonry structure is desirable and effective in an
area where there is a very large diurnal temperature fluctuation
and low relative humidity, such as in desert climates; it can
be quite undesirable and detrimental to buildings in areas of
relatively small diurnal temperature fluctuation and high
relative humidity. In these areas the designer must depend on
a good system of ventilation to rapidly flush out the warmer
air in the building. In the Boston area the ideal solution
would be to have a heavy masonry wall with a long lag time
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on the west while the rest of the house is built of lighter con-
struction. Adequate solar protection can not be over stressed.
Returning for a minute to evaporative cooling of the body
by air motion, there is not much information about what air
velocities are desirable. Some authors maintain that indoors
air velocities should be kept below 2 mph for other comfort
reasons. The amount of relief provided by air flow is not a
linear function; above 300 fpm it becomes increasingly less
effective. While these two separate arguments would seem to
indicate that vigorous air motion is not a desirable situation
in a space, this author contends that it is a relatively
simple matter to design the openings in such a way as to pro-
vide to the occupant of the space the maximum control of the
air speed and direction in that space.
People living in a naturally ventilated space must be
willing to experiment with and use all the techniques discussed
above in order to achieve the maximum possible comfort. While
there may be a few days a summer when the air temperature in a
naturally ventilated dwelling will not be within the comfort
zone, the economic, physiological and psychological advantages
of such a dwelling should be adequate compensation.
144
Table 10.14 Outdoor Air Requirementsa
Application Smoking
Cfm per
Personb
Recommended Minimumnc
Cfm per
Sq Ft of
Floorb
Apartment
Average Some 20 10 ....
DeLuxe Some 20 10 ....
Banking space Occasional 10 7.
Barber shops Considerable 15 10 ....
Beauty parlors Occasional 10 7j ....
Brokers' board rooms Very heavy 50 20 ....
Cocktail b irs 40 25 ....
Corridors (supply or exhaust) ... ... 0.25
Department stores None 71 5 0.05
Directors' rooms Extreme 50 30 ....
Drug storese Considerable 10 71 . . . .
Factoriesd,! None 10 71 0.10
Five and Ten Cent stores None 71 5 ....
Funeral parlors None 10 7j ....
G aragesd ... ... 1.0
Hospitals
Operating rooms9 None ... ... 2.0
Private rooms None 30 25 0.33
Wards None 20 10 ....
Hotel rooms Heavy 30 25 0.33
Kitchens
Restaurant ... ... 4.0
Residence ... ... 2.0
Laboratoriese Some 20 15 ....
Meeting rooms Very heavy 50 30 1.25
Offices
General Some 15 10 0.25
Private None 25 15 0.25
Private Considerable 30 25 0.25
Restaurants
Cafeteriae Considerable 12 10 ....
Dining roome Considerable 15 12 ....
Schoolroomsd None ... ... ....
Shop, retail None 10 7j ....
Theaterd None 71 5 ....
Theater Some 15 10 ....
Toiletsd (exhaust) ... ... 2.0
aTaken from present-day practice.
bThis is contaminant-free air.
* When minimum is used, take the larger of the two.
dSee local codes which may govern.
*May be governed by exhaust.
f May be governed by special sources of contamination or local codes.
CAll outside air recommended to overcome explosion hazard of anesthetics.
Copyright by the American Society of Heating, Refrigerating and Air-Conditioning Engineers,
Inc. Reprinted by permission from ASHRAE Handbook of Fundamentals, 1967.
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DRY - BULB TEMPERATURE - F
Fig. 12 .... Revised ASHRAE Comfort Chart
temperature line is, therefore, a line defining the various com-
binations of conditions which will induce like sensations of
warmth. It does not necessarily follow that like sensations of
comfort will also be experienced along the entire length of an
effective temperature line. Some degree of discomfort is likely
to be experienced at very high or very low relative humidities,
regardless of the effective temperature.
Although the effective temperature scale has served as a
useful guide to the air-conditioning engineer for many years,
there was increasing evidence that the predictions of the
scale did 9 ot entirely agree with operating experience in the
field. To obtain additional information on the subject of hu-
man comfort, a series of tests" was recently conducted in the
environmental test room at the ASHRAE Research Labora-
tory. In these studies, subjects wore light indoor clothing and
were seated and at rest. Room surfaces were held at the same
temperature as the room air in all tests, and the air motion
in the space was 20 fpm or less. The thermal sensation votes
used in analyzing the test data were those which were cast
after approximately three hour occupancy. The results of the
recent study are shown by the four solid lines in Fig. 12. These
lines show the conditions under which subjects cast votes of
3, 4, 5, or 6, indicating sensations of slightly cool, comfortable,
slightly warm, and warm. It is shown in Reference 41 that the
slope of these lines agrees well with the results of several other
laboratory studies.2-" It might be noted at this point that the
comfort line 4 shown in Fig. 12 differs slightly from the line
as shown in Reference 41. It has been replotted from the
original data shown in Fig. 5 of the reference, to bring it
into better agreement with the data and to make it more con-
sistent with lines 5 and 6.
It may be seen in Fig. 12 that line 3, slightly cool, is verti-
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CHAPTER 22 ASHRAE Handbook of Fundamentals
Table 1 .... Climatic Conditions for United States and Canada (Continued)*,
COl. 1
State and Stationb
LOUISIANA (continued)
Monroe AP....... .......
Natchitoches..............
New Orleans AP............
Shreveport AP..............
MAINE
Augusta AP..............
Bangor, Dow AFB........
Caribou AP..............
Lewiston.................
Millinocket AP .
Portland AP................
W aterville....................
MARYLAND
Baltimore AP.................
Baltimore CO .................
Cumberland..................
Frederick AP..................
H agerstown...................
Salisbury .....................
MASSACHUSETTS
Boston A P ....................
C linton .......................
Fall R iver....................
Fram ingham ..................
G loucester....................
G reenfield ....................
Lawrence............. .......
Lowell....................
New Bedford...... .. .....
Pittsfield AP...............
Springfield, Westover AFB......
T aunton.................... ..
W orcester AP.................
MICHIGAN
A drian .......................
A lpena A P ....................
Battle Creek AP...............
Benton Harbor AP............
Detroit Met. CAP.............
E scanaba.....................
F lint A P .....................
Grand Rapids AP..............
H olland ......................
Jackson AP...................
Kalamazoo..................
Lansing AP...................
M arquette CO................
M t. Pleasant..................
M uskegon AP.................
P ontiac.......................
Port Huron................
Saginaw AP...............
Sault Ste. Marie AP .........
Traverse City AP...........
Ypsilanti..................
MINNESOTA
Albert Lea.................
Alexandria AP..............
Bemidji AP.. ..............
Brainerd..................
r)uluth AP.............
Faribault ...............
Fergus Falls...............
International Falls AP .......
Col. 2 Col. 3
totitude* Elev,dFt
32 3
31 5
30 0
32 3
44 2
44 5
46 5
44 0
45 4
43 4
44 3
39 1
39 2
39 4
39 2
39 4
38 2
42 2
42 2
41 4
42 2
42 3
42 3
42 4
42 3
41 4
42 3
42 1
41 5
42 2
41 5
45 0
42 2
42 1
42 2
45 4
43 0
42 5
42 5
42 2
42 1
42 5
46 3
43 4
43 1
42 4
43 0
43 3
46 3
44 4
42 1
43 4
45 5
47 3
46 2
46 5
44 2
46 1
48 3
78
120
3
252
350
162
624
182
405
61
89
146
14
945
294
660
52
15.
398
190
170
10
205
57
9()
70
1170
247
20
986
754
689
939
649
633
594
766
681
612
1003
930
852
677
796
627
974
586
662
721
618
777
1235
1421
1392
1214
1426
1190
1210
1179
Winter
COL. 4
Median
of
Annual 99%
Ex-
tremes
18
17
29
18
-13
-14
-24
-14
-22
-14
-15
8
12
0
2
1)10
- 1
-8
-l1
-7
-4
-12
-9
-7
3
-11
-8
- 9
-8
-6
-11
-6
-7
0
-13
-7
-3
-4
-6
-5
-4
-14
- 9
-2
-6
-6
-7
-18
-6
-3
-20
-26
-38
-31
-25
-23
-28
-35
23
22
32
22
-7
-8
-18
- 8
-16
-- 5
- 9
12
16
5
7
6
14
6
-2
5
-1
2
-6
-3
-1
9
- 5
-3
-4
-3
0
5
1
-1
4
-7
-1
2
2
0
1
2
-8
-3
4
0
-1
- 1
-12
0
-1
-14
- 19
-32
-24
- 19
-16
-21
-29
Col. 5
Coinci-
dent
97J% Wind
locitye
27 L
26 L
35 M
26 M
-3 M
-4 M
-14 L
- 4 N
-12 L
( 1 L
-5 i
15 M
20 NI
9 L
11 M
10 L
18 MI
10 H
2 MI
9 H
3 M
6 H
2 M
I AI
3 I
13 H
- 1 MNI
2 M
0 H
1 M
4 M
5 N
3 M
8 M
-3 NI
3 M
6 M
6 M
4 MI
5 M
6 NI
-4 L
1 NI
8 NI
4 NI
3 NI
3 NI
-8 L
4 N
5 M
-10 NI
-15 L
-28 L
-201 L
-15 M |
- 12 L
-17 L
-24 L
Summer
COl. 6
Design Dry-Bulb
1% 21% 5%
98 96 95
99 97 96
93 91 90
99 96 94
88
88
85
88
87
88
88
94
94
94
94
94
92
91
87
88
91
86
89
90
91
86
86
91
88
89
93
87
92
90
92
82
89
91
90
92
92
89
88
89
87
90
90
88
83
89
92
91
90
87
88
85
90
92
86
86
85
81
86
85
85
86
91
92
92
92
92
90
88
85
86
89
84
87
88
89
84
84
88
86
87
91
85
89
88
88
80
87
89
88
89
89
87
86
87
85
88
88
86
81
86
89
89
88
84
85
82
82
89
82
83
81
78
83
82
81
82
89
89
89
89
89
87
85
82
83
86
81
84
85
86
81
81
85
83
84
88
82
86
85
85
77
84
86
85
86
86
84
83
84
82
85
85
83
78
83
86
86
85
81
82
79
85
86
79
Col. 7
Out-
door
Daily
Range(
20
20
16
20
22
22
21
22
22
22
22
21
17
22
22
22
18
'16
17
18
21
19
23
19
18
18
23
27
23
20
20
17
25
24
22
23
23
24
18
24
21
21
21
2:3
23
22
22
24
24
24
24
22
24
24
26
COl. 8
Design Wet-Bulb
1% 21% 5%
81 81 80
81 80 79
81 80 79
81 80 79
74
75
72
74
74
75
74
79
79
76
78
77
79
76
75
75
76
74
75
76
76
75
74
76
76
75
76
74
76
76
76
73
76
76
76
76
76
76
73
75
75
76
76
76
73
75
76
77
76,
73
74
73
72
75
72
73 71
73 71
70 68
73 71
72 70
73 71
73 71
78 77
78 77
75 74
77 76
76 75
78 77
74 73
74 72
74 73
74 73
73 72
74 73
74 72
74 72
73 72
72 71
74 73
75 74
73 71
75 74
73 71
74 73
74 73
75 74
71 69
75 74
74 73
74 73
75 74
75 74
75 73
71 69
74 73
74 73
75 73
74 73
75 73
71 69
73 72
74 73
76 74
74 72
72 71
73 72
71 69
75 74
74 72
69 68
378
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ASHRAE, Hnadbook of Fundamentals, N.Y., N.Y., American Society
of Heating, Refrigerating and Airconditioning Engineers, Inc.,
1967.
More information than most architects will or could use
in a life time. Mostly mathenatically oriented, but
some parts more qualitative in nature and quite useful.
Caudill, William W., Crites, Sherman E., Smith, Elmer G.,
Some General Considerations in the Natural Ventilation of
Buildings, College Station, Texas, Texas Engineering Experi-
ment Station, 1951.
Is as general as the title implies; however, is useful
as a starting point.
Hollbman, Theo. R., Air Flow Through Conventional Window
Openings, College Station, Texas, Texas Engineering Experi-
ment Station, 1951.
Gives the effects of the basic types of windows on air
flow patterns.
Kowzo, Seichi, Carroll, Raymond J., Baretthier, Harlan D.,
Summer Air Conditioning, N.Y., N.Y. The Industrial Press,
1958.
Good simple, but complete, introductory text in the
field of heating and cooling. Written in the pre-
compulsory air conditioning era, therefore goes into
other methods of cooling.
McGuinness, William J., Stein, Benjamin, Mechanical and
Electrical Equipment for Buildings, 5th Edition, N.Y., N.Y.
John Wiley and Sons, Inc., 1971.
Primary source book for contemporary and conventional
data and solutions for all problems in these and re-
lated fields. Very comprehensive and understandable,
unfortunately too "up to date" to deal with natural
ventilation.
Seubrns, William H., Air Conditioning and Refrigeration, N.Y.,
N.Y., John Wiley and Sons, Inc., 1966.
For more information on mechanical solutions.
Ventillation, Report of the New York State Commission on
Ventillation, New York: E. P. Dutton & Co., 1923.
Not too helpful.
White, Robert F. Effects of Landscape Development on the
Natural Ventilation of Buildings and Their Adjacent Areas,
College Station, Texas, Texas Engineering Experiment Station,
1954.
The most useful of this series of reports. Unfortunately
it is at a rather elementary level.
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SECTION VI
WATER TABLE EXPERIMENTS
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Air :7low patterns can be studied on a water table. A
water table is basically a flat surface over which a thin
sheet of water is continuously flowing from one end to the
other. The water table that was used in the following experi-
ments has surface dimensions of approximately 2' x 3'. This
surface is tilted in the long direction at a very slight angle,
just enough to make the water flow. The water flow simulates
wind flow. The basic testing procedure is as follows:
1. Start water flowing.
2. A two dimensional model of the form to be tested
is placed on the flat surface.
3. Potassium Permanganite, a dye, is put into the water
at the inlet end to demonstrate flow patterns.
4. Flow patterns of water are observed and photographed.
The red dye colors the areas where the water (wind)
is flowing. The remaining areas which have no water
(wind) flow are clear.
5. Graphite powder can be added to the water at the
inlet end to test speed of wind.
6. Graphite test can be observed but not photographed
with still camera.
The water table is a poor man's wind tunnel and it is subject
to many limitations. The major limitation is that one can
only use two dimensional models; however, by testing both
plans and sections one is able to arrive at some understanding
of what the air flow patterns would be for that space. Another
limitation is the laminar flow of the water; air can also have
laminar flow, but in nature this type of flow is extremely
rare because there are few smooth surfaces. In nature, even
though the wind is moving in a horizontal direction, there are
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also vertical displacements of the air because of both the
rough surface texture and the vertical temperature differences.
This resulting turbulence is impossible to simulate on the
water table. By careful and time-consuming model making, one
can only start to accurately reproduce these very complicated
flow patterns in the wind tunnel.
Besides these conceptual problems with the water table,
one also runs into many operational problems. Since the exact
amount of dye put into the water is difficult to regulate, the
color of the dyed water in each test is apt to be quite dif-
ferent as can be seen in the following photographs. This prob-
lem alone makes quantitative analysis and comparisons impossi-
ble. Once the dye is placed in the water, one must photograph
the results fairly quickly because the dye will tend to "creep"
into areas that are not in the flow pattern. The size of the
model also seemed to make a difference. Large scale models
(1/4" = 1") gave much better results than smaller scale models.
The interior flow studies done at 1/4" = 1" scale seemed to
give much more predictable, consistent and identifiable results.
The cluster studies at either 1/16" = 1' or 40' = 1" seemed to
be more subject to "creeping" of the dye.
The models were built out of printers quads, pieces of
lead whose dimensions were 3/4" x 1/4" x 1/2". They were
sufficiently heavy so that the water would not move them.
Since they are used in printing, they are cut to close tole-
rances, therefore there is no need to seal the joints. Thus
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models can be built and destroyed rapidly. However, one is
somewhat limited by their dimensions.
The tests conducted by this author were solely of proto-
types. It was hoped that by making comparisons between proto-
types, some general principles could be unearthed. This part
of the testing was fairly successful (if the shortcomings of
the water table are taken into consideration). It is presently
felt by the author that any attempt to become more specific
with the water table would give possibly misleading results.
Much more research would have to be done in correlating water
table results to wind tunnel results to actual building results
before a designer should use water table results as the sole
justification for a particular design. However, as the above
research has not been done and will probably not be done in
the near future, the water table can still be used, if the
designer is aware of its many limitations. It is definitely
better than nothing.
The following fifty-two photographs are of water table
experiments conducted by this author. Each photograph or
group of photographs is preceded by a written statement point-
ing out the significant aspects of that experiment. It is
strongly suggested, however, that the reader concentrate on
the photographs. As it has often been said, "one picture is
worth a thousand words."
The interpretation of these photographs is a relatively
easy procedure. The water is flowing from left to right in
the first eight prints; due to technical difficulties, the
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water is flowing from right to left in the remaining prints.
The forms in the photographs are to be interpreted as two
dimensional; the photographs will be designated as either
plans or sections. The dark areas (dyed areas) are represen-
tative of air flowing or high pressure zones. The light areas
represent still air or low pressure areas. The first few
statements will be more extensive than the others to insure
that the reader understands the interpretative procedures. On
each print there is a maximum of nine enlarged contact photo-
graphs. As the original numbering system of the negatives
would be very confusing, each frame ona page will be numbered
in sequence as follows:
1, 2, 3,
4, 5, 6,
7, 8, 9
Thus each frame will be refered to by a print number (1 - 52)
and a frame number (1 - 9); e.g. 33 - 3.
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Print #1
Pl-ans
Frames 1, 2, 3:
Demonstration of the flow patterns generated by the same
closed plan but oriented differently to the ind. The
light.area is the wind shadow or low pressure area. It
is apparent that the wind shadow is considerably altered
by the geometry of the obstacle placed in the wind path.
On the basis of these tests one can conclude that the
wider the object placed in the path of the wind, the wider
the wind shadow.
Frames 4, 5;, 6, 7, 8, 9:
Demonstration of the flow patterns generated by various
openings on only the high pressure side of the plan. It
is apparent that Tind will not enter the plan because it
cannot flow out. hen the whole wall on the high pres-
sure side is removed, Frame 6, the wind will flow into the
plan. The same type of effect is achieved when there are
large openings as in Frames 8 and 9. Note that the flow
does not penetrate to the rear wall in either case.
Print #2
Plans
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Exploration of air flow patterns generated by various
inlet and outlet combinations. The inlet seems to have
a greater influence over the flow patterns than does the
outlet. There is definite evidence of inertia in the
flow patterns.
Print #3
Plans
Frames 1, 2, 3, 4, 5, 6:
Continuation of experiments shown in Print #2. Frame 6
clearly shows inertia patterns.
Frames 7, 8, 9:
Frames show influence of lateral openings on air flow
patterns. These openings have very little effect except
when there are no outlets on the low pressure side as in
Frame 7.
Print #4
Plans
Frames 1, 2, 3:
Continuation of experiments shown in Print #3, Frames 7,
8, and 9.
Frames 4, 5, 7, 8:
Flow :atterns generated by rotating plan 45 degrees,
Note that there are in effect no lateral openings; all
openings influence flow patterns. There are two higjh
pressure sides.
Print #5
Plans
Frames 1, 2, 3, 4, 5:
Flow patterns generated by rotating plan 30 degrees,
that there are still two high pressure sides, but it rp-
pears that the long side has a higher pressure because
there is more flow as seen in Frames 3 and 4.
Frames 6, 7, 8, 9:
Short side to the wind, less wind shadow.
Print #6
Plans
Frames 1, 2, 3, 4, 5, 6, 7, 8:
Two unit plan with party wall. Flow patterns that wTould
be expected from single unit studies. Frame 8: demonstr-
tion of inertia.
Frame 9:
Two unit plan with party wall, offset. Note area of cal:
on windward side where units form an angle.
Print #7
Plans
Frames 1, 2, 3, 4, 5, 6, 7:
Continuation of Print #6, Frame 9 experiment. Note area
of calm on windward side except in Frame 7 where there i.
an effective inlet that is lateral to the direction of
ilow. Tne reason is that flow direction is changed by t
adjacent wall.
Print #8
Plans
Frames 1, 2, 4, 5, 6, 7, 8, 9:
Three unit plan with party wall. Flow patterns are w
would be expected from single and double unit studie s.
Note in Frame 4 the heavier flow from inlet to lateral
outlet. The reason: the longer the windward wall the
higher the pressure built up.
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Print #9
Plans
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
The wind direction has been reversed; it is now from
right to left. These experiments are a continuation of
those of Print #8. Frames 3, 4, 5, and 6 explore the
different flow patterns generated by simoly sliding the
units along the party wall. Frames 6, 7, 8, and 9 ex-
plore different inlet and outlet combinations for a
stepped plan.
Print #10
Plans
Frames 1, 2, 3:
Continuation of Print #9, Frames 6, 7, 8, and 9. The
stepping of the units creates the possibility of lateral
inlets for the reasons discussed in Print #7. Frame 3
shows this effect very clearly; it should be noted that
the bottom unit gets no flow through its lateral inlet
because there is no adjacent wall*
Print #11
Plans
Frames 1, 2, 3, 4, 5, 6, 7:
Three unit plan with the center unit projected. Resulting
patterns are predictable from previous experiments.
Print #12
Plans
Frames 1, 4, 5, 6, 7, 8, 9:
Three unit plan wirth the center unit recessed. Frame 1
is interesting because the flow pattern is identical to
Print #9, Frame 1. The inertia effects in Frames 8 and
9 should be noted.
Print #13
Plans
Frames 1, 2, 3, 4:
Three unit plan with end unit stepped back. Frame 4
shows some curious flow patterns in the stepped unit.
The bottom outlet seems to have no air flowing through
i t.
Frames 5, 6, 7, 8, 9:
Some more stepped unit experiments.
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Print #14
Sections
Frames 1, 2, 3:
Illustration of the flow patterns generated by sections.
The model in Frame 1 represents a one story flat roofed
building in section. The model in Frame 2 represents a
two story flat roofed building and the model in Frame 3
represents a three story flat roofed building. An. exam-
ination of these three frames reveals that the flow pat-
terns are the same, but there appears to be an eddy gener-
ated near the ground on the windward side of the tallest
building.
Frames 4, 5, 6, 7, 8, 9:
Illustration of the flow patterns generated by shed roof
sections. The experiments show that these flow patterns
are very similar to those of a flat roof. However, it
should be noted that the roof is on the lee side of the
building.
Print #15
Sections
Frames 1, 2, 3, 4, 5, 6:
Shed roof sections with the roof on the windward side.
There is a definite difference in the flow patterns genera-
ted by these roof sections (especially the steeper ones)
from the previous roof sections.
Frames 7, 8, 9:
Gable roof sections generating similar flow patterns to
those in Frames 1, 2, 3, 4, 5, and 6.
Print #16
Sections
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Explorations of air flow patterns generated by various
inlet/outlet combinations on a 12/12 shed roof section
facing to the lee side. Note presence of "ceiling."
Print #17
Sections
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Continuation of experiments in Print #17.
Print #18
Sections
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Same section as in Prints 16 and 17 except that the roof
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is to the wind. Notice that the wind shadow does not
extend as far back nor as high as in Prints 16 and 17.
Print #19
Sections
Frames 1, 2, 3:
Continuation of Print #18.
Print #20
Sections
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
ExplorFtions of air flow patterns generated by various
inlet/outlet combinations on a 6/12 shed roof section
facing to the lee side. This print should be compared to
Print #16. The reader will see that the wind shadow is
quite different. The air flow in these sections (6/12)
follows the contour of the roof much more closely than in
the 12/12 sections.
Print #21
Sections
Frames 1, 2, 3:
Continuation of Print #20.
Print #22
Sections
Frames 1, 2, 4, 5, 6, 7, 8, 9:
Explorations of air flow patterns generated by various
inlet/outlet combinations on a 6/12 shed roof section
facing the wind. This print should be compared to Prints
#18 and #19. Although not readily apparent in all the
frames, it was found that a heavier flow through the same
inlet was generated when the roof faced the lee side. The
explanation lies in the fact that a higher pressure is
developed by the taller vertical surface. It was also ob-
served that an inlet close to the bottom of the vertical
surface generated more flow than one near the top of the
surface.
Print #23
Sections
Frames 1, 2, 3, 4, 5:
Continuation of Print #22.
Print #24
Sections
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Explorations of air flow patterns generated by various
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inlet/outlet combinations in a flat roofed section. Mich
less flow seems to pass through the section than in the
shed roofed sections, probably because there is less pres-
sure built up.
Print #25
Sections
Frames 1, 2, 3:
Continuation of Print #24.
Print #26
Sections
Frames 1,2, 4, 5, 6, 7, 8,9:
Explorations of air flow patterns generated by various
inlet/outlet combinations in a 12/12 roof section to the
lee, without a "ceilint. " 'he reader will note the test-
ing of "skylights. " For no apparent reason the wind sha..
dow of Frame 1 is quite different from the wind shadow in
Print #14, Frame 9, even though they are identical sections.
Print #26 and #27 should be compared with Prints #1 6 and
#17. In Frames 5 and 6 the high pressure at the bottom
theory exolained earlier is demonstrated. The flow coming
through the high inlet is negligible compared to that
coming through the bottom inlet.
Print #27
Sections
Frames 1, 2, 3, 4:
Continuation of Print #26. Frame 2 illustrates the iner-
tia of the flow quite well.
Print #28
Sections
Frames, 1, 2, 3, 4, 5, 6, 7, 8, 9:
Same section as in Prints #26 and #27 except that the roof
is on the windward side. Frames 8 and 9 show the inertia
effect and also that the flow is perpendicular to the inlet;
the inlet position can change the direction of the flow.
There anears to be more pressure on the roof than on the
shorter vertical surface; compare Frame 6 to Frame 1 of
Print #29.
Print #29
Sections
Frames 1, 2, 3, 4:
Continuation of Print #28.
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Print #30
Sections
Frames 1, 2, 4, 5, 6, 7, 8, 9:
Explorations of air flow patterns generated by various
inlet/outlet combinations in a 6/12 roof section to the
lee without a "ceiling." Note "skylights. " Comparing
Frame 2 with Frame 5, the reader will find a much differ-
ent flow pattern. Tie higher inlet is of negligible value.
Print #31
Sections
Frames 1, 2, 3, 4:
Continuation of Print #30.
Print #32
Sections
Frames 1, 2, 4, 5, 6, 7, 8, 9:
Same section as in Print #30 and Print #31 except that
the roof is to the windward. Comparing this print to
Prints #28 and #29, the reader will find that the roof
pitch does not affect the interior flow substantially.
Print #33
Sections
Frames 1, 2, 3, 4:
Continuation of Print #32.
Print #34
Sections
Frames 1, 2, 4, 5, 6, 7:
Flat roofed section with skylights. Unless the skylight
is the only outlet, it has no effect.
Print #35
;Pl ans
Frames 1, 2, 4:
This plan represents six row house units or a block
40' by 120', In these frames there is a single block that
is rotated as in earlier experiments,
vraxnes 5, 6, 7, 8, 9:
There are now two blocks placed in various relationships
to each other. These frames are the beginning of the stu-
dies done on wind flow patterns in clusters. As noted in
the introduction, the dye tended to creep much more in the
earlier experiments. Consequently in many frames where one
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would expect significant wind shadowing there was rela-
tively little or none at all in evidence.
Print #36
Pl ans
Frames 1, 2, 3, 4, 5, 6:
Contiruation of Print #35.
Print #37
Plans
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Uaree block cluster study. Note that the open space be-
tween the second and third blocks gets less wind flow than
the open space between the first and second blocks as
shown in Frames 1 and 3. There is also less flow generally
within the clusters than outside of them.
Print 1138
Plans
Frames 1, 2, 3:
Continuation of Print #37.
Print #39
Plans
Frames 1, 2, 3:
The foms in this print and the next five prints are
representing 40' by 120' blocks as before, but at a smaller
scale. These models are much easier to manipulate than the
former ones.
Frames 4, 5, 6, 7, 8, 9:
Frames 4, 5, and 6 show the same blocks separated by one
space, by two spaces and by four spaces respectively. FraMes
7, 8, and 9 have the same spacing but the blocks are rota-
ted at 45 degrees. The reader should not the decreasing
effect of the wind shadow on the windward face of the second
block as the space between is enlarged.
Print #40
Plans
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Continuation of Print #39.
Print #41
Plans
Frames 1, 2:
Continuation of Print #40.
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Frames 3, 4, 5, 6, 7, 8, 9:
Exloration of air flow patterns generated by three blocks
instead of two.
Print #42
Plans
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Continuation of Print #41. Reader should note the dif-
ferences of flow between attached and detached blocks.
The indide faces of the two horizontal blocks in Frame 6
are in wind shadows.
Print #43
Plans
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Exploration of flow patterns generated by four blocks.
Print #44
Plans
Frames 1, 2:
Continuation of Print #43.
Print #45
Setions
Frames 1, 2, 4, 5, 6, 7, 8, 9:
Investigation of air flow patterns of clusters in section.
These models reoresent three story row houses. This ser-.
ies of tests will demonstrate the flow patterns generated
by various inlet/outlet combinations in the two buildings.
The wind shadows are not as large as they should be based
on information gathered in Prints #14 and #15.
Print #46
Sections
Frames 1, 2, 3, 4, 5, 6, 7, 8,9:
Continuation of Print #45.
Print #47
Sections
Frames 1, 2, 3. 4, 5, 6, 7, 8, 9:
Continuation of Print #46.
Print #48
Sections
Frames 1, 2, 3, 4, 5, 6, 7, 8, 9:
Continuation of Print #47.
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Print #49
Sections
Frames 1, 2, 3, 4, 5, 6:
Investigation at a smaller scale of air flow patterns
generated by clusters in section. In these frames the
blocks are spaced at increasingly larger intervals. The
wind shadow in the space between the blocks becomes less
and less pronounced. Unfortunately, at this scale dye
"creep" is a very serious problem.
Frames 7, 8, 9:
Continuation of above experiments except with three blocks.
Print #50
Sections
Frames 1, 2, 3:
Continuation of Print #49.
Frames 4, 5, 6, 7, 8, 9:
Continuation of above experiments except with four blocks.
In this series it is evident that the wind shadow increases
behind each block down the row; Frame 6 is a good example.
Print #51
Sections
Frames 1, 2, 3, 4, 5, 6:
The same series of tests as in Print #49 except that blocks
are now on a "slope" of about 10%.
Frames 7, 8, 9:
Continuation of above experiments except with three blocks.
Print #52
Sections
Frames 1, 2, 3:
Continuation of Print #51.
Frames 4, 5, 6, 7, 8, 9:
Same experiments as above except with four blocks.
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The water table experiments were useful in confirming the
general principles of air flow. The existence of high and low
pressure areas was evident in all the experiments. A high pres-
sure area was created on the windward side of the model while
there was a low pressure area or wind shadow on the lee side of
the model. The water table tests demonstrated the fact that
air will flow from high pressure areas into low pressure areas
if there is a path through the model; thus inlets are placed on
high pressure walls while outlets are placed on low pressure
walls.
The tendency of air to travel in the same direction in the
building as it travels outside of the building should be under-
stood by the designer. This tendency, known as inertia, means
that the direction of air flow is largely determined by the posi-
tion of the inlet; thus if the inlet is low and the outlet is
high,, the air will tend to flow along the floor until it prac-
tically reaches the outlet wall where it will rise to escape.
The direction of the air flow can be changed by obstacles, par-
titions and window details, or belatedly by the location of the
outlet as described above. All directional changes require
energy, therefore the air flow speeds are slowed by obstacles.
Maximum flow is achieved by large equally sized inlets and out.-
lets; maximum speed on the other hand is a function of the "Ven-
turi Effect."
The water table also showed that the larger the obstacle
the higher the pressure created. The strongest flow was there-
fore achieved in plan by an inlet in the center of the obstacle
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and in seciion by an inlet near the "ground." The amount of
air flow wTlthin a cluster was less than wnat went around the
cluster. Thus the designer should not erpect maximum wind
speeds within a cluster or a wooded area.
As expected, gabled roofs had a high pressure side to the
windward and a low pressure side to the lee. Shed roofs fac-
ing to windward were high pressure areas while shed roofs fac-
ing to the lee were low pressure areas. Therefore, openings
in the fonner would be inlets and in the latter would be out-.
lets. In the latter case the upper regions of the high wall
to the windward was a poor location for inlets; the roof, how-
ever, made a good location for outlets. In the former case, the
upper regions of the high wall to the lee was a good location
for outlets because the whole space was in the flow pattern.
However, to illustrate the limitations of using the water table
results to establish criteria, the following is added. In the
Boston area the summer breezes are from the south, southwest,
therefore, based on the water table, the shed roof would be
oriented to the south. Unfortunately this orientation is the
worst in terms of heat gain. Taerefore, a shed roof should
ideally be oriented toward the north.
The following guidelines for designing with the wind for
summer comfort are quite general and are not intended to replace
a thorough investigation of a particular site.
1) The building should be oriented so that the
length of the building is perpendicular to the
direction of the prevailing summer breezes.
2) The building should not be in the wind shadow
of other buildings, of topographic features, or of
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trees and other vegetation.
3) ALl spaces should have high pressure outside
walls for inlets and low pressure outside walls for
outlets.
4) Interior partitions and furniture should not
hinder the direct flow between inlets and outlets.
Care should be taken to avoid dead spaces where the
air does not circulate. For maximum air mvcement,
both horizontal and vertical changes of air flow
patterns should be avoided.
5) The infill for exterior surfaces should be care-
fully designed to give maximum control of both di-
rection and speed of air flow within the space.
As much care as possible should be taken in designing the
ventilation of outdoor spaces and in designing the ventilation
of indoor spaces.
1) The outdoor space should be orientcd so that
it is swept by the prevailing summer breeze.
2) The space should not be in the wind shadow of
buildings, topographic features and of trees and other
vegetation.
3) The space should be shaded by deciduous trees to
avoid heat gain in the summer but to allow heat gain
in the cooler months.
4) The trunk region of the deciduous tree screen should
be kept free of underbrush to facilitate air flow in
that area. Positive use of the increased flow (de-
veloped for reasons discussed earlier) to ventilate
the space is desirable.
5) The outdoor space and the ground adjacent to it
should be preferably covered with some type of vege-
tation for reasons discussed in Geiger.
6) A prevailing wind coming over rural land will be
cooler than one coming over a city.
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SECTION VII
SCHEMATICS
221
The following schematics were done for the purpose of
exploring possible design solutions for the Millis problem
using the information gathered for this thesis. While the
design of prototypical units might seem antithetical to the
spirit of this thesis, it is the feeling of this author that
when a designer is dealing with a problem of this magnitude,
he must develop some "units of build." However, it is criti-
cal to designing successfully with nature and climate that
these "units of build" be flexible enough to be adaptable to
differing site conditions. The "units of build" shown here
can be adapted to differing topographical situations. They
can be slipped at the party walls to allow flexibility in
dealing with trees or other site constraints. Since the
lateral walls are the bearing walls, the end walls are just
infill. This infill would be individually designed to meet
special site conditions, and it can be relatively easily
manipulated by the occupant of the unit. The infill is the
most important element of both sun and wind control. Un-
fortunately, time did.not permit this author to investigate
or to develop infill for these units. This area would
definitely be a fruitful subject for further work.
While the information gathered in this thesis was used
in making design decisions, many other "architectural" issues
had to be and were dealt with. However, time again did not
permit the development of a full program so these schematics
can surely be criticized on many grounds.
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Since microclimatic conditions are very site specific, it
was difficult to directly apply the microclimatic information
contained in Geiger et. al. to these schematics, except for
the very important aspects of flexibility described above.
Several climatic issues, however, were considered. The roofs
were designed so that there was no drainage onto other units,
there are no valleys or internal drains. Decks on the south
side were used extensively as not only outdoor space but also
for sun control. The width of these decks can be adjusted for
better control of the sun depending on the orientation of the
individual unit. While it is important to control summer sun
it is equally important to allow winter sun to penetrate into
as many areas of the unit as possible. This criteria was
achieved by wider units and skylights on upper levels. Natural
ventilation criteria were the chief form givers to these units.
All spaces have either through or cross ventilation when their
doors are closed for privacy. The resulting schematics show
that the ventilation and sun criteria can be met in structures
that are similar to what is now built. While a very detailed
cost analysis would be necessary to determine whether mechani-
cally or naturally ventilated buildings were cheaper both in
initial and operating costs, it would seem that they are at
least competitive.
These schematics were also done to provide the town
officials and our client with some idea of what type of units
we were proposing for the project.
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There are schematic drawings for three different types
of units: apartment units with entry on the south side,
apartment units with entry on the south side, and row house
units with entry on the north side. South side refers to an
orientation between southeast and southwest; as explained
earlier, the infill can compensate or correct sun and wind
problems within this range.
Apartment units with entry on north side:
Provides best orientation for living spaces which face
south and away from service areas for privacy. Note that
units can be slipped along any of the party walls without
any difficulty. While not shown the end units can, of
course, be more flexible. Two "units of build" are shown
but more could be linked depending on other criteria.
The ground level is not shown in plan because it would be
site specific. Note either through or cross ventilation
in all spaces including lofts.
Apartment units with entry on south side:
Trade-off solution between exposure and privacy. Since
some degree of privacy can be achieved by application of
infill or planting, exposure was the determining factor.
Ventilation works as before in all spaces. Combinations
of two types allows clustering.
Row house units with entry on north side:
Provides best orientation for living spaces and two bed-
rooms which face south and away from service areas. These
row houses can be slipped along party walls depending on
site conditions. The end units in this solution could
also be different and make use of three exposures rather
than two. All spaces have cross or through ventilation.
This criteria is achieved in the bedrooms by clerestories,
Again, if time had permitted it would have been interesting
to test these schematics on the water table. However, as
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pointed out in Section VI on the water table, it is difficult
to say how closely these tests resemble reality.
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SECTION VIII
CONCLUSIONS
246
According to Webster, a conclusion can be either a
reasoned jugement or a final summing up. As there are sum-
maries given at the end of each section, it is not necessary
to repeat now what has been said before. This conclusion will
attempt to make a reasoned judgement on what has been accom-
plished in this section of the joint thesis.
This part of the thesis has been mainly concerned with
research in two areas, microclimate and natural ventilation.
Much time and energy has been used in gathering, reading,
documenting, and summarizing sources in these areas. A number
of water table tests were conducted; they basically confirmed
many of the conclusions reached by other authors encountered
in the literature. Since this is a research paper, this
author felt that he should develop lists of considerations
rather than lists of criteria. It was felt that criteria are
value judgements which are site and project specific. This
is not to say that criteria should not be developed by a de-
signer, on the contrary he must do so if he is going to be
able to design successfully. But it is the individual designer's
job to develop these criteria as William Finch has done for
the Millis Project. What is necessary for all designers is
the backgrournd knowledge needed to make rational decisions
about criteria. This part of the thesis sought to consolidate
this type of information into one volume so that a designer
would not have to spend six months in the library. It would
be rather egotistical of this author and perhaps of any author
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to claim that all one needed to know about microclimates and
natural ventilation was contained :.n his book. This claim
is not being made here; however, this volume is certainly a
beginning.
Whether this beginning is a significant one and a contri-
bution to the architectural profession is an unanswerable
question at this point. It is also not the most important
question. This writer believes that the direction in which
this thesis points is not only valid but also extremely
necessary. If architects and site planners do not meet the
challenges of the environmental issues discussed in this thesis,
these professionals are doing a disservice to the world's
population. This statement may sound too messianic, but is
the belief of this author that the issues are of this magni-
tude. This statement is not meant to infer that the solutions
for environmental problems will or can only come from the
design profession; it is only stating that designers must
take an active part.
The most important contribution of this thesis has defi-
nitely been to the author's own education. The very process
of doing a thesis, regardless of the topic, has an enormous
amount of educative value. However, as explained earlier it
is felt that the topic is quite significant. This author
feels that he has now acquired a substantial amount of
knowledge in this area that he hopefully can apply to future
research and design problems. The application of this know-
ledge is the next stage in his personal development.
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At this point it seems propitious to discuss the adva--
tages and disadvantages of isolating and intensely studying
just one segment of architecture. On the positive side, it
enabled this author to delve deeply into environmental issues
and to document his findings. Although the work is by no
means definitive, it is substantially more complete than it
would have been if both authors had become completely en-
grossed in the criteria development for the Millis project.
The disadvantages become apparent when William Finch and
this writer attempted to develop site plans based on environ-
mental criteria. It became very quickly apparent to us that
one can not apply only one type of criteria, environmental in
this case, to a problem and expect to find a feasible solution.
As the reader knows, the number of factors that must be con-
sidered in site planning are staggering. Thus, as a result
of the methodology employed by the two authors, they found
themselves with a strong set of environmental criteria, but a
relatively weaker set of other criteria. This situation
would be disastrous if the objective of this thesis was a
"site plan"; fortunately it was not. The objective was to
develop environmental criteria and a method of application to
the problems of site planning.
Doing a joint thesis also has its pros and cons. This
author takes sole responsibility for the following remarks;
William Finch was not consulted at all in this case, hopefully
he will include a similar set of his own comments on this
subject. Our partnership was one of cooperation, an interchange
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of ideas and information rather than collaboration. This
situation arose for two reasons; the department's desire that
there be two readily identifiable bodies of work and the
authors' desire to investigate different environmental issues.
These investigations became so detailed and exhaustive that
the collaboration envisioned in the thesis proposal never
really took place. It is the opinion of this writer that
from an educational point of view this situation was quite
valuable. It allowed each author the independence to develop
his section of the thesis as he saw fit while still having
certain responsibilities to his partner. This communication
enabled each person to understand and participate in what are
in many respects separate theses. The two authors did col-
laborate on visiting and evaluating the site, interviewing
the client and town officials, visiting and evaluating other
similar projects, and other preliminary work that needed to
be done. Devising an operational method of working more
closely together would have taken a great deal of time and
effort, and considering the goals of this thesis might not
have been justified. The greatest problem encountered was
logistical and bureaucratic. Enough said about the joys of
a joint thesis.
Concluding the conclusion will be a quote used in the
mid-term evaluation:
"Becoming is Superior to Being"
Paul Klee
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SUN AND WIND ANALYSIS
FACTOR
D
HOURS OF
SUNSHINE
E
CLEAR &
CLOUDY DAYS
F
SOLAR HEAT
G & H
SUN HEIGHT
& HOURLY
DIRECTION
IN
WI'ND
GENERAL INTERPRETATION
About 57% of hrs/yr when sun is above horizon,
weather is sunny. No great variation from yr to yr
altho variation between corresponding months may
be great. Relatively poor distribut'on of sunshine
-least in winter, most in summer, but better dis-
tribution than most cities in same latitude.
About equal distribution between clear, partly
cloudy & cloudy days. Av clear days about 9 to
10/mo, except in early fall when number rises to
11 or 12. Sep clearest month. Fewest cloudy days in
summer-av 12 to 13.
When sun is at highest in Jun & Jul, solar radia-
tion amounts to about 235 Btu's/sf/hr for av day
& 333 Btu's/sf/hr for clear day. In Dec & Jan av
radiation/hr drops to 110 Btu's & for clear day
165 Btu's.
Use these two graphs together to determine height &
direction of sun at any hour of day. Correct data
to local civil or daylight time for precise shadows.
Assume house plan placed at foci of lines or trans-
fer angles by protractor. Use with Wind Analysis
to plan orientation for wind & sun factors together.
In summer, sun shines for av of 15 hrs/day (Jun-
Jul) reaching max elevation of 70* at noon. In
winter (Dec-Jan), day is reduced to less than 9%/
hrs with av noon elevation of 26*.
Total daily accumulation of heat/sf horizontal sur-
face for each month is as follows (Btu's/sf/day)
Av: Jan 365; clear jAv: Jul 1937; clear
day: 9221 day:2728
Feb 873 13641 Aug 1737 2433
Mar 1206 17701 Sep 1443 1954
Apr 1455 2286 Oct 974 1438
May 1890 2655i Nov 702 955
Jun 1941 2802| Dec 525 811
Boston relatively windy because normal westerly
winds are intensified by lower pressures over ocean,
especially in winter. Because of irregularity of land-
scape, considerable local variation in wind direction
& velocity. Wind velocities are greater near ocean,
with more tendency to land-sea breeze variation
than farther inland. Check local conditions.
Prevailing breeze in summer is from SW. Prevail-
ing breeze in winter from W, with breeze during
coldest part of winter nights from NW. Little win-
ter wind from E & SE. Summer axis for cross
ventilation primarily SW-NE. Gales up to 75 mph
(of at least 5 min duration) have been recorded.
Highest velocity to be expected at roof level, how-
ever, not greater than 50-60 mph & during summer
only about 25 to 30 mph.
Afternoons are windiest part of day. Evening &
night tend to be calmest period, creating problem
of ridding house of daily heat accumulation in
summer. Winter is much windier than summer.
Mar is windiest month, Aug least windy.
SITE AND ORIENTATION
PLANTING
Shading desirable about 60% of Protiect
hrs sun is above horizon Jun- tration
Sep, primarily on W. periodsKitchen
Full shading beneficial about 1
of 3 days. Avoid overshading
for greater design emphasis on
winter conditions.
Sun is major factor in determin-
ing house orientation. S sun
important in winter months.
Houses on N-S streets, with
main rooms facing E or W will
miss much winter sun, particu-
larly if placed close together.
Wind almost as important as sun
in determining house orienta-
tion.
Windbreaks should be placed
to W & NW.
INTERIOR PLAN
interiors from sun pene-
during bright, hot
preferably on E or S.
Long periods
winter make
Light coiors
decoration.
of cloudiness in
interior gloomy.
recommended in
Plan should permit taking ad-
vantage of SW-NE ventilation
axis in summer, & to block
NW-SE axis in winter.
Porches receive best NE-SW crossdraft in summer if placed on
SE corner. If on S, they get cornering SW & W winds & E
crossdraft but miss prominent summer NE wind. W porches re-
ceive W winds head-on but are shieided from E & NE summer
breezes. If glazed, they act as W windbreak. They have
added disadvantage of, more heat & glare. N porches receive
good E & W crossdraft but miss some of SW, receive no insula-
tion in winter & serve only as minor windbreak. E porches get
E winds head-on but get no crossdraft because N-S is least
windy axis in summer. They receive early am sun & are shaded
in pm, distinct summer benefit. If glazed for winter they
receive only fractional sunshine & are poor windbreak since,
except in spring & fall, cool period is characterized by low
velocity winds from E.
I
ROOF WALLS
Select wall & roof materials to withstand ex-
tremes of dryness & continued dampness-resistant
alike to desiccation & fungus.
Roof should control solar heat with insulation capable
of resisting inward heat flow of 330 Btu's/sf/hr
on horizontal surface.
Vertical surfaces receive more heat than flat roof
in winter & less in summer. Steep-pitched roof
counteracts adverse summer-winter solar condition.
Solar screens shielding outer walls eliminate or
capture sun at certain seasons & provide com-
promises with winter winds or summer breeze con-
trol.
Orientation of vertical walls is extremely critical.
E-facing wall, receiving much heat early, receives
no heat during pm. Therefore an E-facing wall re-
ceives about 75% as much heat as a horizontal sur-
face would receive in winter in the course of a day
& only 50-60% as much in summer. A S-facing
wall receives twice as much as horizontal surface
during Jan & Dec, 1' 2 X as much in Feb & Nov,a&
approx same as horizontal in May, Jun & Jul. S-fac-
ing wall is somewhat selfshading in summer when
sun is high but gains more than twice as much as
an equal area of ground or flat roof in wintet.
Roof should be shaped to
m i n i m i z e turbulence
around house, especially
in winter. Avoid pockets
where leaves & snow will
collect.
Wall & roof insulation
advisable, particularly on
N & W.I
OPENINGS
Glare control by means of
blinds desirable in sum-
mer. Blinds & sash should
be arranged to avoid heat
trap between glass &
blind.
Oversize windows
winter daylighting
desirable because of
cessive heat loss.
for
not
ex-
S orientation for largest
glass areas (more easily
controlled).
Protect all windows from
summer sun & permit
max winter sun to pene-
trate as deeply as pos-
sible.
Choice location for en-
trances is on SE, second
choices on E, N, or S.
Avoid entrances on N, E,
W or NW.
Entrances should have
vestibule or storm doors,
& be recessed or other-
wise protected against
cross winds in winter.
Avoid unnecessary win-
dows or large windows
on windward sides in
winter (W & NW).
FOUNDATIONS
& BASEMENT
Consider extension of
basement to admit max
sunlight, making it more
cheerful & partially con-
trolling dampness, fungi,
etc.
Solar heating of base-
ment in spring & fall
helps heat entire house, in
summer can act as mois-
ture control.
Provide wind deflecting
devices or easy method
of cleaning snow & leaves
from basement window
wells & entrances.
S u m m e r ventilation
usually not effective
means of drying out base-
ments in this region.
MECHANICAL
Provide ample electric
outlets for adequate in-
terior & exterior lighting.
Solar heating devices
m o s t a4vantageously
mounted on vertical wall
or steep-pitched roof.
Exhaust fans should be
located so as not to face
into prevailing summer
breeze from W & SW.
f
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NGE AND DISTRIBUTION OF TEMPERATURES
ROPORTION OF TOTAL AREA IN EACH ZONE INDICATES
ERCENT OF TIME TEMPERATURES ARE IN THAT ZONE
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DESIGN DATA BASED ON THERMAL ANALYSIS
ZONE
Al
VERY HOT
A2
HOT
A3
WARM
A4
COOL
A5
CHILLY
A6
COLD
A7
VERY COLD
B
HOT & COLD
DAYS
C
DEGREE DAYS
GENERAL INTERPRETATION
In general, design emphasis cannot be for summer
conditions because of greater demands for winter
protection. Highest temp zone-above 105*-never
reached in Boston area.
Significant only in Jul & Aug. Only 1.5 hrs/yr reach
this zone, generally on unusually hot afternoons.
Air temps never remain in this zone through 24-hr
period. Recommended max design temp is 870.
Typical of Jul & Aug, also of daytime hrs in May &
Sep & hottest hrs of Apr, May & Oct-about 2055
hrs or 88 days in all.
About 23% of yr in this zone of open-door, out-
door living.
For nearly 35% of yr, design emphasis will be on
low heat requirement & indoor living.
Typical spring & fall weather, May & Oct & day-
light hrs in Apr & warmer days of Nov. Total
3050 hrs or equivalent of 127 days.
Humid conditions frequent.
Over 32% of hrs represent major winter climate
with frequent frosts, freeze-thaw, wet snow, & mud.
Typical of Mar & Dec, of daytime in Jan & Feb,
nights in Apr & Nov, occasional nights in May,
Sep, Oct. Total 2830 hrs or about 118 days.
Outdoor humidity likely to be high.
About 8% of yr classed as cold. Typical of nights in
Dec, Jan, Feb, & occasionally in Nov & Mar.
Weather tends to be clear, calm & dry. Total about
710 hrs or equivalent of 30 days.
Only 0.1% or equivalent of about 19 hrs/yr fall
in this extreme range.
Only 9 days/yr likely to go over 90*, mainly in
Jul & Aug. About 106 days when temp is at or
below 32* (10 in Nov, 22 in Dec, 26 in Jan, 24 in
Feb, 19 in Mar, & as many as 4 in Apr).
Only 3 days likely to be at or below 0*.
Av growing season 199 days, range 150 to 288 days.
Daily temp ranges between high in mid-afternoon
to low at dawn about 160 on av. Actual range in
summermay be 350 to 500 & in winter from
500 to 850.
Caution in use of degree days is urged because they
neglect important factors in house cooling (RH,
wind & solar radiation) each of which can create
considerable variation from basic values. Degree
days furnish indicator of conditions but may mis-
lead by as much as 50%.
SITE AND ORIENTATION
PLANTING
Avoid summer sun-pockets &
radiation glare from pavements
& nearby buildings.
Shading should be used with
caution if tending to exclude
winter sun. Shade not also serv-
ing as winter windbreak should
be deciduous.
Porches & terraces desirable for
outdoor living in warm zone.
Gardening may begin in Apr
with planting completed by May.
Blooming period Jun-Sep.
Min shading desirable in this
period to allow full solar im-
pact.
Solar nooks usable in this zone.
Hardy evergreens recommended
for winter landscape, placed ap-
propriately for windbreaks (see
wind analysis).
Generous use of well-drained
gravel or paving recommended
for mud control in walks, play
space, clothes-drying space, etc.
Frost penetration 2.5 to 3 ft.
Emphasize planting & orienta-
tion to protect house from cold-
est winds.
Tender perennials should not
be exposed before middle of
May-max safe growing season
200 days with climax before
Oct.
Shallow-rooted plants should be
well covered Nov to Mar.
INTERIOR PLAN
Relying on normal temp lag &
by keeping doors & windows
closed during heat of day, in-
terior need never reach higher
thermal ranges.
In this range adequate ventila-
tion may ordinarily be obtained
by opening windows & doors.
When x-ventilation is not posi-
tive, artificial circulation is de-
sirable. Avoid stagnant air
pockets. Moistureproof & moth-
proof storage closets recom-
mended.
Interior comfort in this range
depends upon control of drafts
to bring air movement down to
about 20 fpm.
RH indoors in this zone in
buildings maintained at a com-
fortable 70* F without specific
moisture control mechanisms will
fluctuate within reasonable
limits even if outside humidity
goes to 100%.
Protect entrance against track-
ing in of snow & mud. Facilities
for storing wraps & overshoes
should be ample.
Make provision to restrict
drafts & internal air move-
ment.
On extremely cold days it should
be possible to cut off less-used
parts of house.
Compact, two-story design fa-
vored over rambling design for
fuel saving & winter comfort.
Indoor laundry-drying facilities
desirable.
ROOF WALLS
Roof & wall temps may rise to 1600 depending upon
reflectivity, conductivity & thermal capacity-results
in excessive drying stress.
Building materials subject to direct sun should with-
stand repeated cycles of 4-hr continuous temps as
high as 160* & rapid reduction of as much as 100*.
Insulation against radiant heat should be adequate
to withstand thermal gradient of 85* to maintain
approx 75* on inside of roof & walls under max
stress conditions. Roof & west wall most affected.
Light color roof & walls, former with at least 4"
insulation & air space. Shade all sun-struck walls
in this zone.
Substantial insulation required to reduce heat-loss
in winter thru roof & walls. Thermal gradient
Dec, Jan, Feb between external air temp & internal
air temp will av approx 40* F. Often greater.
Set min design temp for wall insulation in this area
at 10* F, giving differential of approx 60* thru wall.
Not more than 3% days/yr will exceed this gradient.
Surface materials (roof & walls) should be test-
proofed down to at least-18* F (absolute min record).
Avoid materials affected by freeze-thaw action &
avoid construction leaving water pockets. Surface
materials damp most of winter because of frequent
rains, wet snow, little sun & low evap rate. Avoid
absorptive materials on exterior or provide protec.
tive coating. Vapor-proof inner surfaces of walls
& roof to permit raising internal humidity to higher
vapor pressure than outside during this period.
Full impact of heating degree days greatly reduced
by good quality insulation & airtightness of roof,
walls & openings.I
OPENINGS
Glazed openings should
be protected with awn-
ings or blinds during hot
days.
Windows should have
overhang to permit ven-
tilation during rain.
Solar windows to S bene-
ficial in this range. Ef-
ficiency greatest in Apr,
May, Oct, & Nov.
Large windows desirable
for winter light & solar
effect but should be
double-glazed or have
storm sash.
Orient to receive max
solar heat. Coldest days
are sunniest. Weather-
strip openings, provide
curtains for evening in-
.sulation.
I
Underground walls should
be waterproofed on ex-
terior, especially near
grade.
Water
should
deep.
& sewer pipes
be at least 4'1
MECHANICAL
Attic exhaust fan useful
for creating interior cir-
culation on hot days.
Special ventilation desir-
able to exhaust humid air
from kitchen and bath-
room.
Elaborate air-conditioning
& dehumidification de-
vices not ordinarily justi-
fied for house installation.
Room circulating . fans
useful.
FOUNDATIONS
& BASEMENT
Summer basement temp
likely to remain around
600. Therefore all air en-
tering basement having
higher vapor pressure
than that of floor & walls
will bear enough moisture
to cause condensation.
All windows should be
kept c!osed & basement
made proof against ex-
terior vapor pressure.
Low heat, by solar or
other means, desirable.
E x t e r i o r ventilation
usually not good means
for drying basement in
summer.
Humidity usually not high
enough in this range to
cause basement condensa-
tion.
Means of humidity pro-
duction should be pro-
vided to hold indoor RH
at 50%.
Heating system must be
quick to respond to sud-
den temp changes.
In spring & fall degree
days can be fairly well
canceiled out by solar
heating.
780 hrs/yr air condition-
ing on basis of high dewp
temps & high dry bulb in
A2 Hot Zone.
1405 hrs/yr no heat or
cooling required.
3050 hrs low heat (fire-
place,haux heatesources,
low central heat or solar).
Av daily degree day 10.
2830 hrs med heat requir-
ing central heat. Av daily
deg day 30.
710 hrs high central heat.
Av daily deg day 50.
10 hrs max heat ail facili-
ties. Av deg day 75.
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Heat production by house-
hold appliances, fireplace,
solar heating will be suf-
ficient in this range.
Optimum zone for solar
heating.
I
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MOISTURE ANALYSIS
i
PRECIPITATION
K
SNOWFALL
L
PRECIPITATION
DAYS
M
MAXIMUM
RAINFALL
N
RELATIVE
HUMIDITY
0
VAPOR
PRESSURE
FACTOR
RH highest in cool of night, lowest in heat of day.
Highest av RH in late summer & early fall, avg
60-80%. Greatest variation in winter, least in sum-
mer.
Vapor pressure expresses force exerted by mole-
cules of water vapor in atmosphere as well as
those escaping or accumulating in process of evapo-
ration or condensation.
Vapor pressure above 15 mm creates discomfort
even in sedentary occupations. Occurs only on hot,
humid days in Jul, Aug, Sep. Av Jul & Aug pres-
sure only 14.2 mm. Consequently more than half of
summer has pleasant RH condition.
Vapor pressure in winter extremely low, causing
flow of moisture from indoors to outdoors & sensa-
tion of chilliness even at room temps in 70's.
SITE AND ORIENTATION
PLANTING
Normally ample rainfall for
planting without irrigation, al-
though occasional dry months
will require it.
Good drainage required. Area-
ways must be well drained.
Well drained sub-base required
under all paving to prevent
frostheave.
Storm sewers must be able to
carry 6" of rain/day at max
rate of about 1"/% hr.
Porches should be protected
from driving rain by overhangs
or shutters.
Sheltered terraces desirable.
Avoid long, steep or compli-
cated driveways & walks which
will be difficult to clear of snow.
Generous use of evergreens is
desirable for winter landscap-
ing but avoid planting so dense
as to create permanently damp
areas near structures.
- INTERI-OR PLAN
Vestibule desirable as protec
tion to entrance from summer
rain & mud & winter slush &
cold.
GENERAL INTERPRETATION
Av annual rainfall about 43", rather uniformly dis-
tributed throughout yr, but with considerable varia-
tion from yr to yr-annual range 27.2" to 67.7"
normal av 3.2 to 3.9"/mo.
Late spring & fall tend to have less rain than win-
ter & summer. Brief heavy showers characteristic
of summer, long, light rains in winter.
Evaporation after rain rapid in summer, slow in
winter creating sustained muddy conditions.
From Dec thru Mar av rainfall is in Wet Zone of
moisture effectiveness scale. In Humid Zone during
warm season. In some yrs some months may be in
Dry Zone (not indicated in av data shown in
charts).
Av annual snowfall about 43", with great varia-
tions yr to yr-range 9 to 96.4". Jan & Feb av about
12" each, tending to accumulate from snow to snow.
In Dec & Mar snowfall is lighter & tends to melt
between storms.
Heaviest snowfall in 24 hrs was 16.5".
Av of 125 rainy days/yr. Traces of snow have
failen on av of 42 days/yr. Thunderstorms com-
mon only in warmer period reaching max of about
5/mo in Jul.
Under worst conditions, 1" of rain has accumulated
in 10-15 min. Max rate over 1.8"/hr. Heaviest 2-hr
rain has accumulated only 2.5", & 6" in 24 hr.
Heaviest single rains occur in summer.
Assuming maintenance of 76*
interior temp in summer, indoor
RH will range from 25% to
100%, with av about 72%-
sufficiently high to cause discom-
fort. Moderate air movement
essential.
In winter interior will be ex-
cessively dry, averaging 150/
without supplemental moisture.
Seal up storage closets in sum-
mer to avoid moisture pickup.
ROOF WALLS
Moisture absorptive materials on roof or walls ex-
posed to solar radiation may have daily range
from 5-100% RH, creating swelling, shrinking &
desiccating stresses.
If, during summer, indoor temp is held at 760 F
with RH at 50% (Jul & Aug), higher vapor pres-
sure in atmosphere outside will try to pass thru
walls into interior about 75% of time. In winter
however, there are 8 months when over 75% of the
time vapor pressure will be forcing its way out thru
walls from inside if indoor temp is kept at 72* F &
RH at 50% (comfortable winter conditions). This
explains importance of vaporseal on inside of roof
& walls. Without it, comfortable interior RH in
winter may pass thru to insulation,,condense & cause
wet condition that may result in serious deterioration.
This moisture will also cause a serious heat loss.
OPENINGS
Overhangs desirable to
permit ventilation during
rainy weather.I
Avoid absorbent surface materials. Because of in-
dustrial waste in atmosphere, exterior materials
should also be resistant to staining.
Care should be taken to prevent formation of icicles,
particularly over entrances. Flashing should be car-
ried well up to prevent back-up moisture penetrat-
ing structure in winter.
Avoid surfaces that show dirt near ground. Gutter
& downspout capacity should handle 1" of rain in
15 min or 2"/hr. Overflow outlets in parapet walls
must be protected against. clogging with leaves &
ice.
Max snow load not likely to exceed 25-30 psf & will
av under 10 psf even in extreme conditions.
All joints should be well caulked or flashed to pre-
vent snow penetration.
Normally, period between rains is very brief but
sufficient to permit general drying out of materials.
This results in many wet-dry cycles during yr, which
are extremely hard on surface materials.
Rains so frequent that all
entrances should be well
sheltered from above &
to windward.
In winter, temp of win-
dowpanes should be kept
up to 520 to prevent con-
densation.
Doors & windows should
be vapor-sealed in winter
w i t h weatherstripping,
double glazing or storm
doors & sash.
FOUNDATIONS
& BASEMENT
Artificially high water-
table may form in early
spring due to frozen sub-
strata. Drainage should
be away from basement
walls & positive drainage
must be provided when
doorsills are near grade.
Areaways on S may be
glazed to keep out snow
& provide cold-frame
space.
Impervious cement apron
or walk around house will
serve as wet-weather
walk & keep excessive
dampness from basement
walls. (Consider heat &
glare potentials on S
& W.)
Heat is most successful
basement dampness con-
trol. Keep basement
sealed up if it must be
cool, otherwise atmos-
pheric moisture will con-
dense.
MECHANICAL
Provide ample hose bibbs
for summer dry spells.
Keep turned off & drained
from late Oct thru
middle Apr.
Snow-melting equipment
for walks & driveways
may be desirable (ex-
pensive).
Indoor drying facilities
required in winter.
Enclosed portions of
house, such as poorly in-
sulated attics under roof
exposed to solar heat
should have positive ven-
tilation to prevent exces-
sively low RH in summer,
causing damage to build-
ing materials & articles
in storage.
In winter, artificial hu-
midification will be bene-
ficial. System should be
used from early Oct
through May.
Artificial dehumidification
may be used to advantage
during summer in base-
ment. Low heat, however,
equally satisfactory.
I
I
lii
Consider winter views
thru picture windows.
Often insufficient snow to
beautify site. I
Provide space outside for mats,
mudscrapers, etc, ample entry'
& heated closets for heavy &
bulky clothing.I
I
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APPENDIX B
FIGURES FROM
CLIMATE NEAR THE GROUND
268
Q3
C
E
Q2-
0/11
01 02 05 2 5 1020 50 100
10000 5000 1000 500 O*
Fig. 1. Distribution of intensity in the two bands of atmospheric radiation, according to
wavelength. (After G. Hofmann)
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Fig. 3. Mirror reflection of sunlight at sand and water surfaces, for small angles of
elevation of the sun. (After K. Bttner and E. Sutter)
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Fig. 2. The importance of radiation as compared with the other factors in the heat budget.
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Fig. 5. Absorption spectra for (a) water vapor and (b) carbon dioxide. (After F. Schnaidt)
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Fig. 7. Topographic features referred to in discussion of radiation.
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Fig. 15. Temperature instability during the day, at two
(After U. Berger-Landefeldt) heights above 
an alfalfa field.
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Slight decrease of temperature with height
Inversion
Inversion below, temperature decrease above
Temperature decrease below, inversion above
Fig. 18. Temperature stratification and the shape of smoke plumes. (After H. Wexler)
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Fig. 28. Annual sequence of temperature in the gardens of the Vienna Central Institute.
(After M. Toperczer)
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Fig. 29. Temperature sequence in an air layer 61 m thick over desert soil.
(After W. D. Flower)
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Temperature lapse rate (deg/100 m)
Fig. 30. Frequency distribution of temperature lapse rates in three layers of air below
107 m, from observations over three years in England. (After A. C. Best, E. Knighting,
R. H. Pedlow, and K. Stormonth)
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Fig. 31. Diurnal variation
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of temperature lapse rates (From W. D. Flower's observations
in Egypt)
279
400-
December June days
0 days
I \Clear
0 0
50 Average\
bj 0fe ~ 0 10veClear
cst
0 2 4 6 8 40
Daily temperature fluctuation (C deg)
Fig. 33. Increase in temperature fluctuation as the ground is approached. (After
N. K. Johnson and G. S. P. Heywood)
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Fig. 38. Temperatures at 10, 20, 40, 80, 160, 320, and 640 cm in the air layer near the
ground on bright spring days at Seabrook, New Jersey.
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Fig. 39. Tautochrones on both sides of the ground surface at Seabrook, New Jersey.
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Fig. 43. The night minimum temperature above ground surface, first observed in India.
(After K. R. Ramanathan and L. A. Ramdas)
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Fig. 4 4. Temperature stratification by night on a table mountain near Poona,
8 January 1955. (After K. Raschke)
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Fig. 48. Weathering of Berne sandstone on the city hall in Winterthur. (From
F. de Quervain and M. Gschwind)
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Water-vapor pressure (mm-Hg)
Fig. 50. Tautochrones of water-vapor stratification in the lowest 100 m on clear summer
days (compare with Fig. 34).
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Fig. 55. The banner of rime shows the increase of wind with height. (Photograph from
Mount Washington)
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Fig. 56. Diurnal variation of wind speed in Quickborn, at four different heights above
ground. (After E. Frankenberger)
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Fig. 57. Frequency of hours of calm in the lowest 2 m. (After G. Hellmann)
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Fig. 58. Wind profiles at Seabrook, in three different methods of representation. (Cor-
responding temperature profiles are shown in Fig. 39.)
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Fig. 59. Influence of temperature stratification on the increase of wind with height.
(After measurements by W. D. Flower in Egypt)
291
-10____-__ -- __ ___ _
6-
2--
+13.6 +4.3 -1.5 -14.7
4- -- Scale
C Wind speed O 2 4 %e
Fig. 60. Dependence of the wind profile on temperature stratification. (After E. L. Deacon)
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Fig. 74. Range of temperature fluctuation in three different soils on a summer day
in Finland. (After T. Homen)
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Fig. 75. Temperatures on 15 Aug 1929 in three soils that exhibit greater differences
at some depth than at the surface. (After R. Yakuwa)
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Fig. 76. Changes in soil temperature caused by whitening the surface, from an ex-
periment in India.
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Fig. 79. Diurnal temperature and relative-humidity variations in the Sahara; averages
for 7-14 April 1955. (From observations by N. B. and " Richter in Wadi Faregh)
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Fig. 83. Annual soil-moisture variation at Quedlinburg in 1950. (After K. Unger) N)k.0ON
297
A(10-3 cal Cm- 1 sec- 1 deg-1)
- 75.
Fig. 85. Dependence of thermal conductivity A on water content (weight percent) of
a sandy soil, at different temperatures. (After D. A. de Vries)
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Fig. 90. Duration and depth of ground frost in four different soils in winter of 1939-40
at Giessen. (After W. Kreutz)
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Fig. 95. Tautochrones in a pool (above) and in a puddle (below) on a bright summer
day. (After W. Hohne)
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Fig. 97. Diurnal temperature variation in a pond, the Kirchenteich near Leipzig (2 m deep).
(After J. Herzog)
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Fig. 106. Height and structure of snow cover on the Hohenpeissenberg in the winter of
1951-52. (After J. Grunow)
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Penetration of light into snow, ice, and water.Fig. 107.
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Fig. 112. The melted areas around each trunk are the result of radiation. (Photograph
by A. Baumgartner)
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Fig. 117. Annual balance of the planet Earth, of the atmosphere, and of the earth's surface.
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Fig. 122. Daily heat exchange in arid areas: O'Neill,Nebraska (above), and the Gobi Desert
(below). (After F. Albrecht and W. Haude)
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Fig. 127. Temperature and water-vapor-pressure profiles on the banks of the Rhine
on a morning in July. (After H. Berg)
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Fig. 128. Temperature field near the banks of Lake Sissen near Eisleben during the day,
(After A. Made)
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Fig. 130. The transitio
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Fig. 131. The hydrologic cycle of the earth in 103 km 3 (cm of precipitable water),
(After E. Reichel)
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Fig. 133. Change in albedo R with decreasing wavelength for meadow and concrete
surfaces. (After F. Sauberer)
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Fig. 134. Change in penetrability D with decreasing wavelength, for various types of
leaf. (After F. Sauberer)
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Fig. 141. Absorption of radiation in a meadow. (After A. Angstr'3m)
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Fig. 145. The roughness of various natural surfaces. (After E. L. Deacon et al.)
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Fig. 147. Temperature, humidity, and wind in a meadow on a summer afternoon. (After
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Fig. 146. Temperature profiles in a field of winter rye during growth, near Munich.
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Fig. 158. Two different types of light diminution within vegetation cover. (After A.
Baumgartner)
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Fig. 159. Decrease of light in a stand of red beech with dense foliage. (After E. Trapp)
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Fig. 163. Arrangement of instruments for studying stand climate in a growth of young
fir near Munich. (After A. Baumgartner)
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Fig. 164. Diurnal variation of radiation balance in a growth of young fir on a day in
late summer. (After A. Baumgartner)
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Fig. 167. Diurnal variation of the small quantitites of exchanged heat within a fir/
plantation and the ground below it. (After A. Baumgartner)
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Fig. 168. Wind profiles in a stand of pine for three ranges of wind speed.
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Fig. 171. Isopleths of wind speed in a fir plantation near Munich. (After A. Baumgartner)
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Fig. 172. Temperature variation at five heights in an old oak stand during a bright
summer morning.
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Fig. 174. Temperature variation during the day in a thin pine wood near Eberswalde.
(After K. Gohre and R. Lutzke)
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Fig. 175. Temperature variation during the day in a young fir plantation near Munich
(compare Figs. 166 and 175- 177).
330
Height (m)
4. Time
Fig. 177. Isopleths of relative humidity (percent) in a young fir plantation near Munich.
(After A. Baumgartner)
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Fig. 186. Daily totals of direct solar radiation received at stand edges facing in various
directions, on a sunny day (above), and on a normal day (below) throughout the year.
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Fig. 192. Air flow in a regeneration area and under a screen of old trees.
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Fig. 196. Evaporation, transpiration, interception, and runoff in experimental plots
in the Harz Mountains, averaged for the year. (After W. Friedrich)
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Fig. 209. Temperatures in unplanted drills, running N-S, on a sunny day in Autust.
(After H. Lessmann)
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Fig. 210. Sunshine duration in rows of plants, for various directions of row, and various
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Fig. 215. Proportion of young peach fruits (black) frozen on a slope in May 1957.
(After F. Winter)
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Fig. 216. The three types of small hollows. (After H. M. Bolz)
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Rg. 217. Night temperatures in the Gstettneralm Sinkhole on 21 January 1930. (After
Wilh. Schmidt)
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Fig. 220. The system of upslope and upvalley winds. (After A. Wagner).
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Fig. 221. The interplay of slope and valley winds during the course of a day. (After
F. Defant)
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Fig. 227. Proportion of precipitation falling on a receiving surface parallel to the
slope, and on a horizontal surface on the Hohenpeissenberg. (After J. Grunow)
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Fig. 233. Distribution of microclimate on the Staufenberg (explanation in text),
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Fig. 235. Development of the thermal belt.
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Fig. 238. Diurnal air-temperature variation on bright spring days on the Grosse Arber.
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Fig. 239. Diurnal air-humidity variation for the same time and place as Fig. 238
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Fig. 243. Map of snow cover on the Grosse Falkenstein on 19 April 1955, showing
early melting on the warm slope zone. (After G. Waldmann)
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Fig. 245. Appearance of the first green beech leaves on the slopes of the Grosse Falken-
stein. (From A. Baumgartner, G. Kleinlein, and G. Waldmann)
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Fig. 240. Experimental setup on the WSW slope of the Grosse Falkenstein in 1955.
(After A. Baumgartner and G. Hofmann)
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Fig. 242. Location of the warm zone on the slopes of the Grosse Arber in spring.
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Fig. 255. Termite nest orientated in compass direction in northern Australia. (After
R. Hesse)
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Fig. 259. Temperature stratification in a room without windows, in which temperature
is kept constant. (After D. Stranz)
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Fig. 265. The effect of a shelterbelt as a function of its penetrability. (After W. Nigeli)
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Fig. 268. The effect of shelterbelts arranged behind one another. (After W. Nageli)
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APPENDIX C
TABLES FROM
CLIMATE NEAR THE GROUND
Table 2
Heat budget in Potsdam (cal cm- 2 min- 1 ).
Typical period Mean value Factors Total(1903) S B L V turnover
Summer day June 12-13 hr +0.407 -0.165 -0.094 -0.148 0.407
Winter day Jan. 12-13 hr +0.091 -0.082 -0.003 -0.006 0.091
Summer night June 0-1 hr -0.080 +0.070 +0.021 -0.011 0.091
Winter night Jan. 0-1 hr -0.065 +0.021 +0.060 -0.016 0.081
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Table 3
Albedo (percent) of various surfaces
for total solar radiation, with
diffuse reflection.
Fresh snow cover 75-95
Dense cloud cover 60-90
Old snow cover 40-70
Clean firn snow 50-65
Light sand dunes, surf 30-60
Clean glacier ice 30-46
Dirty firn snow 20-50
Dirty glacier ice 20-30
Sandy soil 15-40
Meadows and fields 12-30
Densely built-up areas 15-25
Woods 5-20
Dark cultivated soil 7-10
Water surfaces, sea 3-10
368
Table 4
Reduction of albedo when sand becomes wet,
as a function of wavelength.
Wavelength 0.4 0.5 0.6 0.7 0.8 y
Dry sand 20 23 29 30 30
Wet sand 10 12 15 16 19
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Table 5
Monthly average albedo (percent) near Vienna.
Month I II III IV V lVI ViI ViII IX X I xi xII
Meadowland, depend-
ing on the develop-
ment of vegetation 13 13 16 20 20 20 20 20 19 18 15 13
Meadowland, taking
winter snow cover
into account 44 39 27 20 20 20 20 20 19 18 21 36
Water surface of the
Danube River 11.2 11.4 10.7 10.0 9.0 8.6 8.6 9.7 9.5 11.7 11.8 11.9
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Table 7
Effective outgoing radiation for different angles of elevation.
Angle of elevation 90 80 70 60 50 40 30 20 10 00
Zenith Horizon
SL (relative value) 100 100 98 96 93 89 81 69 51 0
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Table 8
Ratio (parts per thousand) of the effective outgoing radiation from
sheltered or inclined surfaces to the radiation from a com-
pletely open horizontal surface. (After F. Lauscher)
Angle (0 ) 0 5 10 15 20 30 45 60 75 90
Basin (a) A 1000 996 982 955 915 793 549 282 79 0
Slope (6) B 1000 996 986 970 951 900 796 667 528 396
Rise (y) C 1000 997 992 988 979 951 877 772 639 500
Surface of street (F) D 1000 930 862 797 737 622 452 296 143 0
Middle of street (r) E 1000 993 984 976 958 902 754 544 279 0
Table 10
Order of magnitude of some constants in the heat economy of the ground
(arranged according to decreasing thermal conductivity).
Solid soil particles Natural soil
Specific heat per ThermalType of soil Density, Specific heat, Density, unit volume diffusivity,(or material) Ps Cs Pn (pc ),1n 1000 a
(g cm- 3 ) (cal g~1 deg~1 ) (g cm- 3 ) (cal cm- 3 deg-) (cal cm- 1 sec-' deg-') (cm 2 sec -1)
Silver 10.5 0.056 0.59 1000 1700
Iron 7.9 0.105 0.82 210 260
Concrete 2.2-2.5 0.21 - 0.5 11 20
Rock 2.5-2.9 0.17-0.20 2.5-2.9 0.43-0.58 4-10 6-23
Ice (see also Sec. 24) 0.92 0.505 1.7-2.3 0.46 5-7 11-15
Wet sand 2.6 0.20 - 0.2-0.6 2-6 4-10
Wet clay 2.3-2.7 0.17-0.20 1.7-2.2 0.3-0.4 2-5 6-16
Old snow (density 0.8) - - 0.8 0.37 3-5 8-14
Still water 1.0 1.0 - 1.0 1.3-1.5 1.3-1.5
Wet moorland 1.4-2.0 - 0.8-.l.0 0.6-0.8 0.7-1.0 0.9-1.5
Dry clay 2.3-2.7 0.17-0.20 - 0.1-0.4 0.2-1.5 0.5-2.0
Dry sand 2.6 0.20 1.4-1.7 0.1-0.4 0.4-0.7 2-5
New snow (density 0.2) - - 0.2 0.09 0.2-0.3 2-4
Dry wood 1.5 (Wood fibers) 0.27 0.4-0.8 0.1-0.2 0.2-0.5 1-5
Dry moorland 1.4-2.0 - 0.3-0.6 0.1-0.2 0.1-0.3 1-3
Still air 0.0010-0.0014 0.24 - 0.00024-0.00034 0.05-0.06 150-250
_j
t~i
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Table 11
Penetration depth of temperature fluctuation.
Thermal diffusivity a
(cm 2 sec~1) 0.02 0.01 0.007 0.001
Type of soil Rock Wet sand Snow cover Dry sand
Daily fluctuation (cm) 108 76 64 24
Annual fluctuation (m) 20.6 14.5 12.2 4.6
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Table 39
Variation of subsurface temperature (0 C) with type of soil.
June January
Type of ground
Max. Min. Variation Max. Min. Variation
Tar macadam 35.4 10.0 32.6 8.1 1.2 6.9
Earth 35.1 10.4 25.0 7.1 1.7 5.4
Sandy soil 31.1 9.1 26.0 7.4 2.0 5.4
Gravelly soil 42.6 9.9 21.2 7.1 1.4 5.7
Under grass 29.3 13.3 16.0 6.2 2.9 3.3
Loam 24.6 13.1 11.5 6.7 1.7 5.0
(Air temperature) 21.8 7.6 14.2 8.3 1.7 6.6
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Table 40
Temperatures in four types of soil (see Fig. 75).
Type of soil Sand Loam Clay Bog
Thermal diffusivity 0- 5 cm 2.2 3.2 3.6 2.8
(10-3 cm 2 sec-1) 5 - 30 cm 4.4 2.8 2.6 1.1
Maximum surface
temperature (*C) 53.5 46.7 35.9 39.0
Minimum surface
temperature (*C) 13.5 13.1 14.4 15.8
Diurnal 0 cm 40.0 33.6 21.5 23.2
temperature 5 cm 19.4 18.5 13.7 13.9
fluctuation 10 cm 12. 3 10.7 7.7 5.4
(deg) 30 cm 1.6 0.7 0.6 0.3
Depth (cm) with diurnal
temperature fluctuation
of 0.1 deg 57 47 47 40
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Table 42
Maximum temperatures and temperature variation in four
materials at different depths on a summer day.
Maximum Diurnal temperature
- Type of ground temperature (*C) variation (deg)
1cm 10cm 20cm 1cm 10cm 20cm
Garden soil 38.0 29.3 27.4 19.0 5.8 2.8
Brick chips (3-cm diameter) 27.2 23.8 22.7 9.1 2.6 1.2
Brick chips (6-cm diameter) 26.2 23.8 22.7 7.6 2.6 0.8
Sphagnum (moss) 24.1 22.8 22.4 6.6 2.4 0.4
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Table 44
Effect of adding sand to bog soil.
Quantity of sand added
Quantity measured Depth (cm) to bog soil (i 3 ha-i)
0 200 400 800
Thermal conductivity X
(10-3 cal cm-1 sec- deg-1) 0-10 0.81 1.08 1.27 1.75
(2 test days) 0-20 0.91 1.15 1.29 1.90
Thermal diffusivity a
(10-3 cm 2 sec-1) 0-10 1.17 1.45 1.78 2.58
(2 test days) 0-20 1.30 1.60 1.80 2.68
Heat absorbed by ground
in 24 hr (cal cm- 2 ) 79 84 86 95
(9 June 1953)
Mean temperature (*C)
June 1953 5 15.7 16.0 16.0 17.0
20 7.1 10.7 11.1 12.9
July 1953 5 16.0 16.6 16.5 17.3
20 12.5 13.8 14.2 15.3
Temperature minima (*C)
within plant cover (oats),
mean of
14 frost nights in May 1951 -3.6 -3.2 -2.9 -2.7
10 frost nights in June 1951 -3.9 -2.7 -2.6 -2.0
Mean snow cover (cm) in 1954
January 17 24 21 18
February 26 32 30 19
March 27 32 28 28
17 April 20 20 15 10
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Table 50
Thermal capacity of unfrozen and frozen soil.
Water content, ow (volume percent) 0 10 20 30 40
Ice content, Ve (volume percent) 0 11 22 33 44
(pc)m unfrozen (cal cm- 3 deg-1) 0 30 0.40 0.50 0.60 0.70
(pc)m frozen (cal cm 3 deg-1) 0.30 0.35* 0.40* 0.45* 0.50*
*A recent amendment.
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Table 52
Percentage of incident solar radiation reaching
various depths in water.
Depth ___
Wavelength (jp)
1mm 1cm 10cm i m lom 100m
0.2-0.6 100.0 100.0 99.7 96.8 72.6 5.9
0.6-0.9 99.8 98.2 84.8 35.8 2.6 0.0
0.9-3.0 65.3 34.7 2.0 0.0 0.0 0.0
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Table 53
Light transmission by water (percent per meter).
(After F. Sauberer and 0. Czepa)
Wavelength (mi) 375 400 450 500 550 600 650 700 750
Range of spectrum: Violet Blue Green Yellow Orange Red
Pure water 84 93 98 98 97 87 81 43 7
Achensee 51 65 80 85 82 73 57 33 8
LunzerUntersee 18 33 56 68 70 63 50 31 7
Lunzer Obersee 2 9 26 39 46 47 41 27 6
M'nggelsee near Berlin - - 8 23 34 36 36 28 5
Arm of Danube, clear 3 8 15 21 26 25 21 16 4
Danube, slightly turbid 0 1 5 11 16 20 15 8 2
Kalksee I, near Berlin - - 4 10 15 17 15 13 3
Neusiedlersee
Area with reeds - 0 2 8 13 17 17 12 -
Open water - 0 1 3 6 7 6 4 -
Flakensee, near Berlin - - 1 3 6 5 5 5 1
Danube, very turbid - 0.0 0.1 0.1 0.3 0.7 0.8 0.5 0.1
Flat moorland pool - 0.0 0.1 0.2 0.8 1.8 2.8 4.8 1.3
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Table 54
Thermal conductivity A (10-3 cal cm 1 sec-1 deg-') for
various values of the constant c.
Snow density (g cm- 3 )
C
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.005 0.05 0.20 0.45 0.80 1.25 1.80 2.45 3.20
0.006 0.06 0.24 0.54 0.96 1.50 2.16 2.94 3.84
0.007 0.07 0.28 0.63 1.12 1.75 2.52 3.43 4.48
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Table 60
Coefficients in equation for the heat used in evaporation.
Air temperature (*C)
Coefficient
-20 -10 0 0 5 10 15 20 25 30
Evaporation Evaporation from water
from ice
rw Cos0.24 0.31 0.49 0.43 0.51 0.58 0.65 0.70 0.75 0.80
r21 O3 (deg/mm-Hg)
E 2.16 1.76 1.30 1.28 1.11 0.94 0.78 0.65 0.53 0.44
383
Table 61
Rate of evaporation (mm hr-1) from a surface at different
temperatures, as a function of air temperature and
relative humidity.
Temperature (* C) of evaporating surface is.-
Air temperature,
t (*C) t -3 t
100/6 80% 60% 40% 100% 80% 60% 40%
0C 0.00 0.03 0.06 0.00 0.03 0.06 0.09
10 0.01 0.06 0.12 0.00 0.06 0.12 0.18
20 0.02 0.13 0.24 0.00 0.11 0.22 0.34
30 0.04 0.24 0.45 0.00 0.20 0.41 0.61
t +3 t +6
0 0.04 0.06 0.09 0.12 0.08 0.11 0.14 0.17
10 0.07 0.12 0.18 0.24 0.14 0.20 0.26 0.32
20 0.11 0.23 0.34 0.45 0.25 0.36 0.47 0.58
30 0.19 0.39 0.60 0.80 0.41 0.61 0.82 1.02
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Table 65
Temperatures (*C) and daily temperature fluctuation (deg)
in three types of vegetation.
Maximum at the-. Daily temperature fluctuation
Type of growth
(arranged in order of
shielding the grosmd) Ground Vegetation -10 cm 0 cm 5 cm 100 cm
surface surface
Grass thickets 43 35 4 26 10 14
Pipegrass 27 31 1% 9 13 12
Sedge 24 31 /2 7 10 14
Temperature
Table 66
difference produced by tall grass.
Temperature difference (deg) Number of nights
with frost
Winter of 1953-54
Average Daily Average Tall Short
maximum average minimum grass grass
4 November-i December -0,9 1,0 2,2 0 3
2 December-29 December -0,1 1.1 2,1 0 6
30 December-26 January -0.3 1.1 2,1 11 20
27 January-23 February - 2,7 0,8 2,4 18 20
24 February-23 March -4.6 -0,3 1,6 7 13
Mean (or sum) - 1.8 0.7 2,1 36 62
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Table 72
Light intensity (percent of that outside) in stands of trees.
Type of tree (old stand) Without foliage With foliage
Deciduous trees
Red beech .26-66 2-40
Oak 43-69 3-35
Ash 39-80 8-60
Birch 20-30
Evergreen trees
Silver fir 2-20
Spruce 4-40
Pine 22-40
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Table 73
Light intensity (percent of that on foliage) reaching forest floor.
Date Wavelength (p) and color
0.71 0.65 0.57 0.52 0.45 0.36
Red Orange Yellow Green Blue Violet
12 March (buds
still closed) 61 54 51 48 46 44
15 AprU 59 39 36 33 32 30
10 May 19 6 7 6 6 5
4 June 14 4 5 4 3 3
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Table 74
Radiation balance at different heights in a stand of young firs.
Height of measure- Duration (hr) Average balance
ment (m) (cal crrr 2 min-1) cal
Day Night Day Night cm 2 day- /
10.0, above the forest 15.0 9.0 0.370 - 0.054 603 100
5.0, tree-top area 13.6 10.4 0.370 - 0.046 551 91
4.1, crown area 15.0 9.0 0.164 - 0.014 260 43
3.3, trunk area 17.0 7.0 0.013 -0.011 29 5
0.2, on forest floor 21.0 3.0 0.020 - 0.005 44 7
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Table 76
Temperature and relative humidity in a dense fir plantation.
Temperature Average Relative humidity
(*C) water- (%)
vapor
Height of measurement (m) Daily Daily pressure Daily Daily Average
average flUCtU- (mm-Hg) average fluctu- for over-
ation ation cast days
10.0, above the forest 22.3 16.4 11.9 63 58 76
5.0, in tree-top area 21.6 19.4 11.2 63 62 80
3.0, in crown area 21.1 19.0 12.2 70 62 84
2.5, in trunk area 20.8 18.4 11.7 69 60 86
1.5, in area of dead branches 19.6 16.5 11.5 71 60 87
0.2, at forest floor 18.3* 14.0* 12.5 79 45* 90
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Table 78
Distribution of precipitation (percent of annual average)
falling on two stands of trees.
Trunk
Type of tree Season Interception flow Throughfall
Fir Summer 32.4 0. 7 66.9
Winter 26.0 0.7 73.3
Beech Summer 16.4 16.6 67.0
Winter 10.4 16.6 73.0
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Table 81
Readings of rain gage in fir woods as percentage of reading in open.
Month
Rain gage Least Foggiest Summer Winter Year
foggy (Novem-
(June) ber)
Immediately on forest edge 104 301 131 184 157
A little farther into the stand 87 259 90 159 123
Average number of fog days 11 24 14, 22 18
392
Table 82
Measurements on forest clearings.
Diameter D (m)
Measurement
0 12 22 24 38 47 87
Size index D:HJ 0 0.46 0.85 0.93 1.47 1.82 3.36
Mean angle of shielding h 900 720 590 580 480 400 260
Outgoing radiation A (percent of 0 11 31 33 52 66 87
open land)
Rain (percent of open land) - 87 - - 105 - 102
Midday temperature excess (8 July 1940) 0 0.7 2.0 2.0 5.2 5.4 4.1
-- of clearing over stand (deg) I I I I 
_ 
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Table 88
Night minimum temperatures (*C) over nearly level ground.
Elevation (m)
Nights with frost, 1939
36.1 36.1 36.3 36.6 37.7
23-24 May -7.6 -6.9 -5.4 -5.1 -3.7
2-3 June -9.4 -7.9 -8.2 -6.7 -5.0
2-3July -2.1 -1.3 -1.1 0.0 +0.1
11-12 July -2.5 -1.4 0.0 +1.6 +1.9
Mean of 30 coldest nights -0.6 -0.4 +0.1 +0.7 +1.7
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Table 90
Daily variation in meteorologic shelters on the west slope
of the Grosse Falkenstein, in May 1955.
(After A. Baumgartner)
Sta- Ele- Hour of the day Daily
tion va- 2 4 6 8 10 12 14 16 18 20 22 24 erage
No. tion eag
(Fig. (M)
240)
Air temperature ("C)
2 1,3U7 2.9 2.7 2.7 3.6 5.2 6.6 7.0 6.5 5.2 4.0 3.4 3.0 4.4
4 1,157 4.2 3.8 3.6 4.2 5.8 7.4 8.1 8.1 7.3 5.6 4.7 4.3 5.6
7 925 5.8 5.5 5.1 5.9 8.1 9.7 10.5 10.4 9.3 7.3 6.3 5.7 7.4
9 796 6.4 6.0 5.9 6.9 9.9 11.4 12.0 12.0 11.0 8.8 7.2 6.5 8.6
12 658 3.8 3.4 3.6 6.6 10.2 11.9 12.3 12.0 10.6 8.4 5.8 4.4 7.7
14 622 1.9 1.5 2.4 8.0 11.0 12.6 13.2 12.9 10.9 6.8 3.8 2.4 7.8
Water-
vapor
Relative humidity (percent) pressure
(mm-Hg)
2 1,307 89 89 90 86 82 75 75 77 82 86 88 89 5.3
4 1,157 88 88 89 86 81 73 72 73 75 82 86 88 5.6
7 925 86 86 88 83 70 60 60 62 68 79 84 86 6.0
9 796 91 92 92 80 66 56 58 60 66 80 88 91 6.5
12 658 97 97 96 88 68 58 59 63 72 85 95 97 6.6
14 622 97 98 97 81 64 55 56 58 66 88 95 97 6.2
Table 91
Changes in climatic conditions with height above sea level in the
Eastern Alps (for basis, see text).
Mean daily global-radiation totals Mean air temperature (*C) Annual number of-
Ele- (cal cm- 2d-1)
vation
(m) Cloudless Overcast Frost- Days of Days
January July Year Annual Summer free frost with
June December June December variation days days change frost
1 2 3 4 5 6 7 8 9 10 11 12 13
200 691 130 155 30 -1.4 19.5 9.0 20.9 48 272 67 93
400 708 136 168 32 -2.5 18.3 8.0 20.8 42 267 97 98
600 723 141 180 34 -3.5 17.1 7.1 20.6 37 250 78 115
800 735 146 192 36 -3.9 16.0 6.4 19.9 31 234 91 131
1,000 747 150 205 38 -3.9 14.8 5.7 18.7 15 226 86 139
1,200 759 154 220 40 -3.9 13.6 4.9 17.5 11 218 84 147
1,400 771 157 236 43 -4.1 12.4 4.0 16.5 7 211 81 154
1,600 782 160 253 47 -4.9 11.2 2.8 16.1 4 203 78 162
1,800 791 163 272 50 -6.1 9.9 1.6 16.0 2 190 76 175
2,000 799 166 293 54 -7.1 8.7 0.4 15.8 0 178 73 187
2,200 807 168 314 58 -8.2 7.2 -0.8 15.4 0 163 71 202
2,400 814 169 336 62 -9.2 5.9 -2.0 15.1 0 146 68 219
2,600 821 170 358 66 -10.3 4.6 -3.3 14.9 0 125 66 240
2,800 828 171 380 70 -11.3 3.2 -4.5 14.5 0 101 64 264
3,000 834 171 403 75 -12.4 1.8 -5.7 14.2 0 71 62 294
WA
'.0
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Table 91 (continued)
Annual number of Annual Relative snow Number Total of Maximum depth
Ele- days with- Relative precipi- frequency (percent) of days Average new snow of snowEleo- Dy no humidity tation Sumr Wne with quani depths pt Beingonvation gry u Snow (percent) m Summer Winter snowfall (cm d c ) Beginning on-(in) ground cover (cm)
1 14 15 16 17 18 19 20 21 22 23 24
200 187 38 71 615 0 49 27 4.6 51 20 18 January
400 173 55 74 750 0 61 32 5.2 116 31 23 January
600 160 81 77 885 0 70 38 5.8 182 51 28 January
800 147 109 78 1,025 0 79 45 6.4 247 73 3 February
1,000 133 127 76 1,160 0 85 53 7.0 313 93 11 February
1,200 120 138 74 1,295 1 90 62 7.6 379 100 14 February
1,400 107 152 73 1,430 2 93 73 8.2 444 120 21 February
1,600 93 169 73 1,570 5 96 85 8.8 510 142 3 March
1,800 80 189 74 1,700 10 97 98 9.4 575 168 14 March
2,000 67 212 74 1,835 16 98 113 10.0 641 199 26 March
2,200 53 239 75 1,970 24 99 128 - 707 242 8 April
2,400 40 270 78 - 34 100 143 - - 296 20 April
2,600 27 301 80 - 44 100 158 - - 366 3 May
2,800 13 332 82 - 55 100 173 - - 446 15 May
3,000 0 354 84 - 67 100 188 - - 545 29 May
(AD
%
Total daily
Table 97
global radiation (percent of undisturbed
radiation) near shelterbelts.
Distance in units of height
Direction of
shelterbelts Side of belt 0 0.2 0.5 1 2
West-East N 27 33 39 48 97
S 81 85 90 95 98
Southwest-Northeast NW 37 46 60 79 92
SE 71 77 81 92 97
South-North Both 53 60 72 84 94
397
398
APPENDIX D
EFFECTS OF LANDSCAPE DEVELOPMENT
ON THE NATURAL VENTILATION OF
BUILDINGS AND THEIR ADJACENT AREAS
399
EFFECTS OF LANDSCAPE DEVELOPMENT ON
THE NATURAL VENTILATION OF BUILD-
AND THEIR ADJACENT AREAS
MODEL TESTS
That landscape design is not merely a decor-
ative art, but has a firm foundation in science as
well as art, is not always a recognized fact. The
investigations described in this report serve, in a
small measure, to emphasize the importance of
landscape design as a science. They should prove
to be of value to the layman and professional alike
and should be of particular interest to the architect,
builder, engineer, nurseryman, and landscape archi-
tect. These investigations also stress the very defi-
nite significance between a structure and what
happens beyond that structure in terms of land-
scape development.
This work constitutes a part of a comprehensive
study of how to make the best use of natural light
and air in the design of buildings and adjacent
areas, which has been underway for some time at
the Texas Engineering Experiment Station. Previous
publications resulting from the research were con-
cerned primarily with the relation of the structural
design of a building to both the distribution of
natural light throughout and the pattern of natural
air movement through its interior.',* The present
report is concerned with problems of air movement
in the immediate surroundings of a single structure.
The principles involved may, of course, be applied
to other situations as well.
The primary objective of the landscape phase
of the over-all study is to determine by specific
tests how landscape design elements, including
plant materials (trees, shrubs, vines, etc.), walls,
fences, and other structures affect air movement.
Only a limited number of planting combinations
have been studied to date. The premise on which
the studies are based is that of human comfort,
and interest is not limited to outdoor living alone,
but is critically concerned with the effect which
planting has upon air movement through the build-
ing as well. Plants can only enhance a structure
in proportion to the extent they make it more livable.
The fact that a vertical barrier placed per-
pendicular to the breeze has a pronounced effect
upon the movemeit of air about the barrier is well
established. The area affected depends on the
*See bibliography.
height and width of the barrier as well as its com-
position. This knowledge has been used to man's
purposes for many years. The protection afforded
to animals as well as humans by shelter belts is
well known.- It appears logical in the chain of
human events that man should first concern him-
self with protective devices against the most severe
~- * -
-. --
''"--------" '-11/
~00,
- lop
Figure 1.
conditions, in this case, the reduction in the severity
of cold winter winds. Since the shelter belt principle
will work in any location, if care is not exercised
it may work against man's comfort rather than
toward it. The vertical barrier may eliminate the
very desirable cooling breezes during the warm
season. Basically this report is concerned with
methods of making the desirable breeze work to-
ward increasing human comfort.
The problem therefore resolves itself into one
of determining the effect of air movement on indi-
vidual landscape elements and arrangements of
these elements as they relate to buildings. The
study is especially applicable to hot, humid areas
where human comfort depends so completely on
INGS
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Figure 2. Breeze pattern around a "landscape moss" model.
evaporation from the skin in the natural cooling
processes.
The validity of using models for testing light
and air movement within buildings was proved in
Research Reports 21, 25, and 26 of the Texas Engi-
neering Experiment Station.' 
2  The final section
of this present report includes substantiating data
to prove the usefulness of model tests in outdoor
situations as well.
Figure I shows the air stream pattern about a
solid paper model of a round form tree, while the
photograph of Figure 2 shows the pattern about
the "landscape moss" model. These tests led to
the conclusion that:
1. The foliage mass of a tree serves as a direct
block to the passage of air.
2. The speed of the air movement directly
underneath the tree was measurably in-
creased with respect to speeds at stations of
the same height on the lee and windward
sides of the tree.
AIR MOVEMENT PATTERNS PRODUCED BY
VARIOUS PLANTING COMBINATIONS
General Considerations
As a result of the air flow tests run on model
trees and shrubs and the verification of the patterns
thus established by actual field tests, a series of
studies of the effect of location of planting in re-
lation to air flow patterns through a simple struc-
ture was undertaken. Although nearly one hun-
THE NATURAL VENTILATION OF BUILDINGS
dred situations were tested, they represent only
the more obvious possibilities. They do, however,
furnish evidence that:
1. Planting can materially affect the movement
of air through and about buildings.
2. Depending on the way it is used, planting
may either augment or reduce the natural
air flow through the building.
3. Planting may cause actual change of direc-
tion of air flow within the building.
4. Planting or the lee side of buildings has
little or no affect on the movement of air
through the building unless it is in such a
a position that it obstructs the outlet open-
ings.
The building and plant models used were at
scale of 1/4 inch = 1 foot. The tree models were
constructed of "landscape moss," as were the in-
dividual shrubs. The hedges, made of sponge rub-
ber were somewhat less representative of natural
Iz~
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Figure 3. The natural air flow pattern of the test model
with no planting.
plant materials, inasmuch as they permitted no
penetration of air. Assuming, however, that the
hedges were broadleaved evergreen plants of vigor-
ous compact growth, the slight air penetration would
not be sufficient to make any significant change in
the patterns established by the model material.
Illustrations on the next few pages show some
of the situations tested to date.
Hedges
Low, medium, and high hedges in various posi-
tions as related to the air inlet openings in a simple
structure are shown. Figure 3 depicts the air flow
through the structure without planting, while Figures
4 through 13 show the air flow patterns for the
various situations tested.
Low Hedge (Less Than 3 Feet High)
AT BUILDING
5 FEET FROM BILOING
10 FEET FROM BUILDING
20 FEET FROM BUILDING
Figures 4, 5, 6, and 7.
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Medium Hedge
AT BUILDING
. Figures 11, 12, and 13. As hedge is moved
farther from the building the air pattern approaches
its original state as when no landscaping existed.
Shrubs
Figures 14 and 15 illustrate medium and high
specimen shrubs in various positions as related to
the air inlet openings of the study structure.
10 FEET FROM BUILDING
PLAN
SHRUBS 5 FEET ON CENTER
20 FEET FROM BUILDING
Figures 8, 9, and 10.
High Hedge
]
AT BUILDING
Figure 14.
AT BUILDING
5 FEET FROM BULGING
10 FEET FROM BUILDING
20 FEET FROM BUILDING
Figures 11, 12, and 13.
5 FEET FROM BUILDING
10 FEET FROM BUILDING-
Figure 15.
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When the shrubs are moved 5, 10, 15, and 20
feet from the building, they cause a diminishing
downward air flow into the building and an eddy
reaching to the building occurs behind the shrubs.
The eddy to the building disappears and the air
flow through the building becomes normal when
the shrubs are moved to a distance of 25-30 feet
from the building.
Trees
Figures 16 through 18 illustrate a 30-foot-high
tree or trees having a 25-foot spread and approxi-
mately 5-foot-high branching. The trees have been
located in various positions as related to the air
inlet openings in the study structure.
30 FEET FROM BUILDING AT CENTER
Figure 18.
Hedge-tree Combinations
Figures 19 through 32 illustrate a 30-foot-high
tree in combination with low, medium, and high
hedges located in various positions as related to
the air inlet openings of the study structure.
5 FEET FROM BUILDING AT CENTER
Figure 16.
10 FEET FROM BUILDING AT CENTER
Figure 17.
HEDGE AT RUILDING
TREE 5 FEET FROM BUILDING
Figures 19 and 20.
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SECTION C
Figure 24.
HEDGE 5 FEET FROM BUILDING
TREE 10 FEET FROM BUILDING
SECTION A
Figures 21 and 22.
HEDGE 5 FEET FROM BUILDING
TREE 10 FEET FROM BUILDING
SECTIONS A a C
SECTION 8
Figures 25, 26, and 27.
SECTION 8
Figure 23.
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PLAN
BUILOING TURNED H90* INTO
THE BREEZE WITH
NO PLANTING
Figures 33 and 34.
HEDGE 10 FEET FROM BUILDING
TREE 20 FEET FROM BUILDING CORNER
SECTION A
SECTIONS B & C
Figures 28, 29, and 30.
Figures 35 and 36.
HEDGE 10 FEET FROM BUILDING
TREE 5 FEET FROM BUILDING
HEDGE 30 FEET FROM BUILDING
TREE 20 FEET FROM BUILDING
Figures 31 and 32.
Hedge-building Combinations
Figures 33 through 38 illustrate medium and
high hedges located in various positions as related
to the air inlet openings of the study structure which
has been oriented with no openings on the wind-
ward side.
LRGE HEDGES 5 FEET
FROM BUILDING
Figures 37 and 38.
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Tree-building Combinations
=RES =FE FROM TREES Q FEE FR-'OMBUILMING CORNERS BUk.D N14 AND 5 FEET
Figures 39 and 40.
Tree-hedge-building Combinations
Figures 41, 42, and 43 illustrate medium and
high hedges in combination with 30-foot high trees
located in various positions as related to the air
inlet openings of the study structure. The structure
has been oriented with no openings on the wind-
ward side.
Figure 43.
FULL-SCALE VS. MODEL TESTS OF
ISOLATED TREES
As the result of model tests, field tests to serve
as substantiating data were made by measuring
air speeds about free standing trees. The methods
and results are shown in the following charts and
diagrams.
Figure 44 shows a typical testing arrangement.
The station points were established at horizontal
intervals of 25 feet from the center of the tree, 75 feet
being the greatest distance tested. In most in-
stances, air speeds were recorded at one-foot verti-
cal interval to a height of seven feet for each
station. Three readings of two-minute duration
were taken simultaneously with readings at a com-
mon reference point R-5, which was considered as
representing 100 per cent of the breeze. The read-
ings at the other points represent the comparative
speeds in terms of per cent of their respective refer-
ence point (R-5) readings.
The trees which have been tested to date are
Figures 41 and 42. shown in Figures 45, 46, and 47.
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Figure 44. Typical Testing Procedure.
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10 EFFECTS OF LANDSCAPE DEVELOPMENT ON
TREE NO. 1
Quercus stellata-Post Oak
Height 35 feet
Spread 30 feet
Caliper 18 inches
Condition Good
Branching 5-foot height
7
6-
5.-
4
3_
G.L.
R A B C D E F G
PROFILE-POINTS OF GREATEST SPEEDS
STATION R A B C D E F G
z 7-0" 107.1 104.7 99.0 65.3 42.4 49.6 54.7 99.1
0 6'-0" 100.8 87.7 103.1 58.6 54.5 60.1 81.1 79.0
5'-0" 100.0 86.6 102.8 94.4 84.3 69.7 101.8 89.0
4'-0" 92.4 85.2 85.9 110.7 113.9 81.2 67.6 78.9
S 3'-0" 80.3 84.7 77.5 113.0 110.3 81.7 56.5 75.0
2'-0" 70.4 65.3 74.1 93.0 100.1 95.0 52.2 57.1
l'-0" 57 9 47.4 55 9 85.2 70.6 69.4 36.9 58.7
Speeds in per cent of respective reference point (R-5) readings.
Figure 45.
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TREE NO. 2
Quercus stellata-Post Oak
Height 45 feet
Spread 60 feet
Caliper 30 inches
Condition Good
Branching 4-foot to 5-foot height
7
6
5
4
3
?2
G l
R Am
PROFILE-POINTS OF GREATEST SPEEDS
STATION R A B
Z 7'-1 116.5 108.0 92.4
O 6'-0" 107.6 100.7 86.5
5'-0" 1000 93.4 92.5
'40" 100.4 85.0 63.6
.4 3'-0" 84.5 80.5 47.9
E-
2'-0" 76.1 50.9 49.0
S '-" 53.3 48.3 43.8
Speeds in per cent of respective reference point (R-5) readings.
Figure 46.
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C
71.7
79.5
95.1
96.9
118.0
106.2
86.5
D
33.1
47.5
52.6
79.4
97.1
75.9
61.8
57 9
57 1
67 7
69 9
75 4
68 9
28.6
64.1
64.2
68.9
73.7
48.8
37.2
55.4
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EFFECTS OF LANDSCAPE DEVELOPMENT ON
drummondi-Western Soapberry
24 feet
22 feet
6 inches
Good
3-foot to 4-foot height
A
PROFILE-POINTS OF GREATEST SPEEDS
STATION R A B C D E F G H
132.5 136.0 127.0
121.9 122.8 132.5
127.6 125.4 125.5
113.4 113.4 116.8
105.8 105.6 103.8
101.8 101.0 100.7
123.6
123.1
123.3
116.3
84.3
88.7
130.7
128.8
97.6
74.9
43.2
80.3
Speeds in per cent of respective reference point (R-5) readings.
Figure 47.
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TREE NO. 3
Sapindus
Height
Spread
Caliper
Condition
Branching
30
25
15
10
7
GL.
R B C D E F G Hi
z
0
0
0
30'-0"
25'-0"
20'-0"
15'-01"
10'-0"
7-0"
139.9
97.3
69.0
64.8
45.6
47.5
130.3
123.3
102.0
52.3
57.4
48.2
118.9
122.1
88.2
68.0
73.6
80.2
130.8
121.0
126.6
99.4
100.6
93.1
12
_doom-
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On Tree No. 1 (Figure 45) and Tree No. 2
(Figure 46) the testing was carried to a seven-foot
height inasmuch as the space from the earth's sur-
face to seven feet above it might be considered the
primary human living zone. The testing for Tree
No. 2 was done twice. Figure 46 shows the result
of the secord test, which was virtually the same as
the first. The photograph in Figure 46 shows the
testing equipment in place.
Tree No. 3 (Figure 47) was tested to a height
of 30 feet above the 'ground or approximately 6 feet
above the top of the tree. This test was done with
the intent to verify further the air flow pattern ob-
served in the model tests. The photograph in Figure
47 also shows the testing equipment in place. The
mast is an aluminum television tower which was
light enough to be handled with ease.
Figure 48 compares the air speeds for stations
at common heights and equidistant from the tree
on the lee and windward sides. Thus for Tree No.
3, E at the edge of the foliage mass on the lee side
is compared at C at the edge of the foliage on the
windward side, etc. The averages for the heights
7 feet through 20 feet are significant inasmuch as
the greatest foliage mass of the tree occurred
through that area.
Figure 49 shows the results of testing the air
speeds about a "landscape moss" model (built to
a scale of /2 inch = 1 foot) by following the same
procedure used in the field tests. It further con-
firms the reliability of using model materials for
landscape testing purposes.
PERCENTAGE OF LEE TO WINDWARD SPEEDS FOR CORRESPONDING STATIONS, TREE NO. 3
DISTANCE FROM EDGE OF
CENTER OF TREE 75' 50' 25' FOLIAGE MASS
PERCENTAGE OF LEE TO
WINDWARD STATIONS H to R G to A F to B E to C
30' 98.7 87.4 102.7 113.2
0
25' 99.3 99.5 93.0 79.0
20' 99.3 70.3 81.2 56.0
0 15' 87.3 60.0 44.8 55.7
10' 95.0 69.7 55.3 54.2
7' 91.5 69.4 47.8 53.5
AVERAGE FOR
7' - 20' 93.2 67.0 57.3 54.7
Figure 48.
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MOSS TREE MODEL
7
6
5
4
2
G |
R A B C D E F
PROFILE-POINTS OF GREATEST SPEEDS
STATION R A B C D E F
Z 7-0" 96.4 94.2 86.0 24.0 26.6 36.0 40.0
O 6'-0" 102.3 97.6 89.3 32.5 34.6 40.0 42.6
5'-0" 100.0 92.0 87.0 48.2 44.0 45.3 40.0
0 4'-0" 95.4 89.3 80.0 65.8 53.3 46.6 37.3
C 3-0" 102.3 84.7 74.0 82.4 60.0 42.6 40.0
X 2'-0" 96.4 84.7 74.0 89.3 65.2 42.6 40.0
1 l-0" 82.4 70.7 58.8 82.4 57.3 34.6 26.6
Speeds in per cent of respective reference point (R-5) readings.
Figure 49.
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APPENDIX E
AIR FLOW THROUGH CONVENTIONAL
WINDOW OPENINGS
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THEWDOUBLETHUNGDOUBLE HUNG
cONDITON.. * TOP SASH CLOSEDONBOT TOM SASH OPEN FULL
AIR FROM. -90'
THE DOUBLE HUNG WINDOW IS SHOWN
HERE WITH THE BOTTOM SASH FULLY
RAISED. NOTE THE HORIZONTAL FLOW OF
AIR THROUGH THE OPENING. THIS IS DUE
TO THE INTENTIONAL PLACEMENT OF THE
WINDOW IN A CENTRAL LOCATION ON THE
WALL. OTHER REACTIONS OF AIR FLOW
DUE TO PLACEMENT MAY BE SEEN IN A
PREVIOUS PARAGRAPH ON "LOCATING THE
WINDOW." THE SLIGHT FLOW OF AIR
SHOWN HERE FLOWING UP BETWEEN THE ELEVATION
TWO SASH IS PROBABLY OF LITTLE VALUE
TO SUMMER COOLING.
WHEN THE TOP SASH IS LOWERED. THE
AIR PATTERN IS APPROXIMATELY THE
SAME EXCEPT THAT IT FLOWS INTO THE
ROOM AT A HIGHER LEVEL. ON COLD ** T-DOUBLE HUNG
DAYS AND EXTREMELY WINDY DAYS, THIS
CHARACTERISTIC IS ADVANTAGEOUS. FOR
EXAMPLE. ON COLD DAYS. THE COLD BOITOM SAS SED
FRESH AIR IS MIXED WITH THE HOT AIR AIR FROM 90
BEFORE BEING DIFFUSED INTO THE ROOM.
ON WINDY DAYS. THE STRONG WINDS CAN
ENTER THE ROOM ABOVE THE HEADS OF
THE OCCUPANTS. YET STILL AFFORD A
SLOWER MOVING EDDY IN THE LIVING
ZONE.
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THE DOUBLE HUNG WINDOW HAS. IN MANY
INSTANCES. BEEN ADVERTISED AS BEING
CAPABLE OF ADMITTING AIR IN THROUGH
THE BOTTOM SASH OPENING WHILE EX-
HAUSTING AIR OUT THROUGH THE TOP
SASH OPENING. THIS IS POSSIBLY TRUE
WHEN NO CROSS VENTILATION IS PRO.
VIDED. AS SHOWN HERE, THE AIR WAS
FOUND TO FLOW IN THROUGH BOTH 0.
PENINGS WHEN CROSS VENTILATION IS
PROVIDED.
ADJUSTMENTS OF BOTH SASH CAN BE
MADE TO DECREASE THE AMOUNT OF AIR
DESIRED TO FLOW IN THE TWO OPENINGS.
THIS IS SHOWN HERE IN COMPARISON TO
THE ILLUSTRATION ABOVE. THE AIR, IN
BOTH INSTANCES. CAN BE ALLOWED TO
FLOW THROUGH THE LOWER OPENING TO
BENEFIT OCCUPANTS ON THE INTERIOR.
AND AT THE SAME TIME MOVE AIR AT AN
UPPER LEVEL WHICH WOULD OTHERWISE
BECOME STALE.
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W1NDOW TYPE' ' 'DOUBLE HUNG
cCNlTON ' ' '''- TOP SASH CLOSED
BOTTOM SASH OPEN 3"
AIR FR3OM........... 90'
THE DOUBLE HUNG WINDOW CAN BE AD-
JUSTED TO CONTROL EXTREMELY STRONG
WIND BY ALLOWING ONLY A SMALL
AMOUNT TO FLOW STRAIGHT THROUGH
ITS OPENINGS WITHOUT DEFLECTING IT
EITHER TO THE SIDE OR TO THE TOP AS
VANE TYPE WINDOWS DO. THE EXAMPLE
SHOWN HERE IS THE RESULT OF TESTING
THE WINDOW WITH ONLY THE BOTTOM
SASH OPENED SLIGHTLY. THE AIR IS
SHOWN FLOWING INTO THE INTERIOR AT
APPROXIMATELY A HORIZONTAL. LEVEL.
AGAIN. THE AIR SHOWN FLOWING UP BE.
TWEEN THE SASH HAS LITTLE COOLING
VALUE EXCEPT TO MIX WITH STALE AIR ELEVATION
WHICH HAS A TENDENCY TO ACCUMULATE
IN THE UPPER PART OF AN INTERIOR.
THE SAME OPERATION APPLIES TO THE
UPPER SASH. FOR EXAMPLE. NOTE THE
CROSS-SECTIONAL AIR FLOW PATTERN IN
THIS SKETCH. WHEN THE WINDOW IS IN woow rm- DOUBLE HUNGTHIS POSITION. THE AIR NOT ONLY IS
ENTERING THROUGH THE OPENING AT como TOP SASH OPEN 3
THE WINDOW HEAD. BUT ALSO. IS FLOW. BOTTOM SASH CLOSED
ING BETWEEN THE TWO SASH UP THE AIR FROM 90,INSIDE OF THE UPPER SASH. THIS FLOW
OF AIR MIGHT POSSIBLY SERVE TO RE.
DUCE THE MOISTURE CONDENSATION
CONDITION SO OFTEN FOUND IN THE
WINTER MONTHS.
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.
--WINDOW TYPE' * 'CA SEMENT
CONDITION..' R IGH T AND
LEFT SASH OPEN 90'
AIR FROM ......... 90'
THIS SKETCH ILLUSTRATES THE MAXIMUM
POSSIBLE AIR FLOW THROUGH A CASE
MENT TYPE WINDOW. THE AIR WILL FLOW
THROUGH THE ENTIRE AREA OF THE WIN-
DOW. WHICH REPRESENTS A 100 PER
CENT OPENING. COMPARE THE VOLUME
OF AIR ENTERING THIS WINDOW WITH PLAN
THAT OF SIMPLE OPENING NO. 1 IN THE
PRECEDING DOUBLE HUNG SERIES.
IT APPEARS THAT APPROXIMATELY THE
SAME AMOUNT OF AIR WILL ENTER THIS
WINDOW WHEN THE AIR SOURCE IS FROM -
AN ANGLE. NOTE THE AIR ENTERING THE
OPENING FROM THE SIDES OF THE WIN- CONDITION''
DCW.
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BY ADJUSTING EACH SASH TO APPROX
IMATELY A 30 ANGLE. OUTSIDE AIR WILL.
ENTER THE ROOM NOT ONLY THROUGH
THE OPEN AREA ON EACH SIDE. BUT ALSO
THROUGH THE TOP AND BOTTOM. AS
SHOWN IN THE ELEVATION VIEW BELOW.
THE AIR ENTERING THE OPENING AT THE
CENTER OF THE WINDOW JOINS THE IN.
COMING FLOW OF AIR AT THE SIDES-THE
POINT OF GREATEST PRESSURE DIFFER.
ENCE.
IT MAY BE NOTED HERE THAT RY ADJUST-
ING THE SASH AT THIS POSITION. A FLUE
EFFECT WILL. OCCUR AT THE WINDOW.
THIS PARTICULAR TEST HAS PROVEN
THAT THE WINDOW RECEIVES A SLIGHTLY
HIGHER PRESSURE OF AIR FROM ABOVE.
THIS CAUSES A FLUE EFFECT BY FORCING
THE AIR DOWNWARD THROUGH THIS WIN.
DOW OPENING. LIKEWISE. HAD THE WIN-
DOW BEEN LOCATED HIGHER ON THE
WALL. THIS FLOW OF AIR WOULD HAVE
BEEN UP.
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WHEN THE AIR S'ZOURCE IS FROM A 90
ANGLE TO THE BUILDING. THE RESULTANT
FORCES ON THE AIR ENTERING THE WIN-
DOW CAUSE ITS PATH TO BE DIVERTED TO
APPROXIMATELY THE SAME ANGLE AS
THAT OF THE SASH. WHICH IN THIS CASE
IS 30 .
NOTE THE SIMILARITY OF THE AIR FLOW
IN THIS EXAMPLE TO THAT IN THE ABOVE
SKETCH. SINCE THE PATH OF THE IN.
COMING AIR FLOW IS NOT RESTRICTED. IT
CONTINUES ALONG A DIRECTION APPROX.
IMATELY EQUAL TO THAT OF THE OUTSIDE
SOURCE. THESE SKETCHES ARE EXAM-
PLES WHICH SHOW THE AIR FLOWING IN.
TO THE INTERIOR AT APPROXIMATELY THE
SAME DIRECTION, YET THE TWO OUTSIDE
SOURCES ARE FROM DIFFERENT DIREC.
TIONS.
I
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WHEN THE RIGHT HAND SASH IS ADJUST-
ED TO POSITIONS SHOWN IN THIS AND
THE SKETCHES BELOW. THE RESULTANT
INTERIOR AIR FLOW WILL BE DEPENDENT
UPON THE OUTSIDE SOURCE. THIS POS.
ITION IS ONE METHOD WHICH CAN BE
USED TO REDUCE THE AMOUNT OF AIR
DESIRED ON THE INTERIOR. IF THE AIR
SOURCE WERE 90 TO THE WINDOW AND
THE LEFT HAND SASH WERE OPEN FULL.
THE RESULTANT INTERIOR PATTERN LN
WOULD SIMPLY BE REPEATED THROUGH
THE LEFT HAND OPENING.
PRESUMABLY. IT IS A POPULAR BELIEF
THAT BY OPENING A SASH TO CAPTURE
A SOURCE OF AIR FROM AN ANGLE AS
SHOWN. THE AIR WOULD BE DIRECTED
STRAIGHT INTO THE INTERIOR. THIS TEST
PROVES THIS BELIEF TO BE UNTRUE. THE
AIR SIMPLY ENTERS THE INTERIOR AND
CONTINUES ALONG A DIRECTION APPROX
IMATELY THAT OF THE OUTSIDE SOURCE.
ONLY WHEN THE AIR SOURCE IS FROM A
90 DIRECTION TO THE WINDOW WILL
THIS BE TRUE. BUT IF THE AIR SOURCE IS
FROM AN ANGLE. THE RESULTING INTER.
IOR AIR PATTERN WILL BE AS SHOWN
HERE.
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WINDOW TYPE'
NDITION'LEFT SASH OPEN 90'
RIGHT SASH CLOSED
AIR FROM LEFT 45'
-T~
WHEN THE AIR SOURCE IS FROM APPROX
IMATELY 45 LEFT OF THE WINDOW. AND
IF A SMALL AMOUNT OF AIR IS DESIRED
ON THE INTERIOR, THE LEFT HAND SASH
CAN BE OPENED FROM A SLIGHT ANGLE
TO A FULL 90 . THE AIR FLOW CONDITION PLAN
SHOWN IN THE SKETCH AT THE RIGHT
CAN BE ACCOMPLISHED.
THE ANGLE OF THE OPENNESS DOES NOT
SEEM TO AFFECT THE INTERIOR AIR FLOW
DIRECTION AS MAY BE SURMISED FROM
VIEWING THIS SKETCH AND THE SKETCH WINOW TYPE '".CAM
ABOVE. ONLY THE CHARACTERISTIC OF
THE AIR IN THE IMMEDIATE VICINITY OF CONDITION'
THE WINDOW IS CHANGED. R'GHT SASH OED
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WHEN THE AIR SOURCE IS FROM APPROX
IMATELY 45 TO THE LEFT OF THE WIN-
DOW AND A STRAIGHT-IN AIR FLOW 15 DE.
SIRED ON THE INTERIOR. THE RIGHT HAND
SASH COULD BE OPENED TO A 90 ANGLE
AND THE LEFT HAND SASH TO A 30 AN.
GLE AS SHOWN IN THIS SKETCH. THIS
DESIRED AIR FLOW CAN THEN BE ACCOM.
PLISHED. IN ORDER TO GET A COMPARI.
SON. rHIS WINDOW ADJUSTMENT MIGHT
BE COMPARED WITH THAT SHOWN IN
SKETCH 12. IN BOTH INSTANCES. THE AIR
SOURCE IS FROM THE SAME DIRECTION.
IF THE AIR SOURCE IS FROM A 90 DIREC.
TION AND AN AIR FLOW IS DESIRED ON
THE INTERIOR AT A FULL WIDTH OF THE
WINDOW. BOTH SASH NEED NOT BE OPEN
FULLY TO ACCOMPLISH THIS EFFECT. AS
LONG AS ONE OF THE TWO SASH IS OPEN
90. THE OTHER SASH MAY BE OPENED
TO LESSER ANGLES. SUCH AS IS SHOWN
IN THE SKETCH TO THE LEFT.
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THE PROJECTION TYPE WINDOW WAS
FOUND TO HAVE A VERTICAL CONTROL
UPON THE AIR ENTERING THE INTERIOR.
THE WINDOW WHICH IS MADE UP OF A
HORIZONTAL OPERATING SASH MAY BE
OPENED AT VARIOUS ANGLES BETWEEN
THE TWO SHOWN ON THIS PAGE. ONLY
WHEN THE WINDOW IS OPENED FULLY.
AS SHOWN IN THE SKETCH ON THE LEFT.
WILL THE AIR FLOW IN AT APPROXIMATE-
LY A HORIZONTAL ANGLE.
ANY LESSER ANGLE OF OPENNESS THAN
THE ABOVE CASE DEFLECTS THE AIR UP.
WARD. AN EXTREME UPWARDLY.DIREC-
TED AIR CAN BE VIEWED HERE. IT MAY
BE NOTED THAT WHILE THE WINDOW CAN
BE OPENED TO A 100 PER CENT OPENNESS.
THE AREA OF AIR FLOW INTO THE INTER-
IOR IS ONLY ABOUT TWO-THIRDS THAT OF
THE WINDOW.
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THE HORIZONTAL VANES OF THE JAL.
OUSIE WINDOW ALSO HAVE A QUALITY OF
DIRECTING AIR INTO THE INTERIOR AT
DIFFERENT LEVELS. IF THE VANES ARE
DIRECTED HORIZONTALLY. THE AIR FLOW
WILL BE HORIZONTAL.
WHEN THE WINDOW IS OPENED TO ITS
FULLEST EXTENT. IT WILL DIRECT AIR
DOWNWARD INTO THE INTERIOR. SINCE
THIS DIRECTION OF AIR CONTROL WAS
FOUND IN THIS WINDOW ONLY. THIS
MAKES THE WINDOW MORE VERSATILE
FOR INSTALLATION HEIGHTS. THIS IS
GOOD FOR HOT WEATHER MONTHS.
426
THIS WINDOW WILL. ALSO DEFLECT THE -
AIR UPWARD INTO THE INTERIOR AS Pq
SHOWN. THIS POSITION WILL APPLY WHEN UPWARD 45
IT IS NOT DESIRED TO HAVE THE FRESH ELEVATION AIR FROM....90'AIR BLOW OVER THE OCCUPANTS IN THE
ROOM.
FURTHER ADJUSTMENT TO CONTROL THE
AMOUNT OF AIR ENTERING THE ROOM
MAY BE DESIRED ON EXTREMELY WINDY
DAYS. THE WIDE RANGE CONTROL OF
DIRECTION AND AMOUNT OF ENTERING
AIR IS CONSIDERED GOOD IN A WINDOW
OF THIS TYPE.
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VOLUME II
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Dedication of Volume II
This volume is dedicated to Mandy, better known
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1.
INTRODUCTION
As in Volume I by P. Stuart, the initial goals set in the
"thesis proposal" were far too ambitious to be accomplished in
this time span. The hoped for collaboration between P. Stuart
and myself on detailed site planning did not occur. I did,
however, attain my major goals: to explore the natural resource
base of the town and the site, to utilize this information in a
"McHarg-type" design process and to document this process. I
was further able to expand the process into a method for genera-
ting and evaluating alternative schemes based on alternative
values that was very useful to me.
In writing this thesis I have not attempted to document my
exploration of the town's resources and their use and misuse of
them; to do so would both fill another volume and require further
investigation. (One of my major "tactical" errors in doing this
thesis was in the early stages to spend far too much time track-
ing down, obtaining, and changing to compatible formats informa-
tion about the town; much of the information was needed to
understand the site in relation to the surrounding area, but
processing to a single scale, etc. was not needed as I was not
doing a town plan. I did too much, yet not enough to be useful
in its own right.)
The first section introduces the site, the design problem,
and the client as the context for the later sections on the
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design method. It outlines briefly the socio/economic/political
contexts of the problem as I perceived them at the end of the
research period (when the section was written). Most of those
remain unchanged except some political issues discussed again
in the final section. The next section is a short description
of the town written by the Millis planning board which I feel
gives an adequate and fair presentation of the town's situation
and problems. (Although it does not discuss their apparent
inability to utilize the soil survey as a basis for questioning
and/or denying applications for septic systems on wet soils --
a major town problem as much of the town beyond the wetlands has
soils with seasonal high water tables and a high rate of septic
tank failure.)
The remaining three sections constitute the main body of
the thesis; the documentation of the evolved design process. The
process is divisable into five major steps:
1. Obtaining raw data about the site and design problem.
2. Changing the information to form usable for making
design decisions and communication to other actors in
the process; making explicit alternative valuations of
data as locational limitation maps and design criteria
charts.
3. Making design decisions from the data; the production
of alternative designs based on alternative values laid
down in step #2.
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4. Evaluating alternative designs based on values maps
and design criteria charts from #2.
5. Using all the above to negotiate with other actors
(town officials, financial sources, etc.) in choosing
solutions and/or making the project workable. The
process then recycles.
Although there is nothing "earthshaking" about this process,
I found it provided an excellent structure to organize this
problem, and expect that it will prove useful to me (and hope-
fully others) in the future.
The first section documents my experience in collecting
natural resource data by subject area (e.g. Hydrology, Soils,
etc.). It points out difficulties encountered in obtaining
specific data, its usefulness and potentials for further
research that might be helpful in determining the "natural
carrying capacity of the land." At the end of each subject
area I have listed and evaluated the specific information sources
and bibliography utilized. This should be very useful to anyone
doing similar work in this geographic area as I found much of
my energy went into trying to locate specific information and
books.
The next section describes the system I used to convert
site information into locational values maps and design criteria
charts that served both as a schematic design program and as an
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evaluation tool. It includes detailed map keys; the reasoning
behind alternative valuations of site data from both a
"developer's" and an "ecologist's" point of view so that two
different sets of criteria could be produced as a base for
alternative designs; some notes on technique and problems
encountered in making the mapping system work; and the maps and
charts. A note of caution to the reader; I did not attempt to
produce a set of weighted mathematical valuations of criteria
that could be added up to give an overall value index of potent-
ial building sites and alternative designs (except the four
overlay maps); the system is meant only to rate alternative
solutions for each criteria independent of the other criteria,
and must be judged in that light. The weighting the many
criteria relative to each is left as an intuitive process. Con-
siderable further work and experience would be needed to generate
an accurately weighted system to produce an overall index rating.
The final section briefly describes the design and evaluation
process used; the implications of the negotiating process for
this project based on the presentation of schemes to town
planning officials; presents the two alternative schemes based
on alternative values -- the "developer" and the "ecologist";
and their evaluation on the design criteria charts. Although
no scientifically based figure of "how many units the land could
hold" was produced from the research, the two designs give a
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fairly good picture of the maximum possible given the two sets
of values.
All maps, charts and drawings relating to the specific
design problem are reproduced in the appendix. The complete
bibliography to this volume is in Volume I.
It is hoped that this section of the joint thesis will
prove useful to others endeavoring to do site planning with an
ecological bias, and that perhaps someone will pick up where we
left off and combine the information contained in both volumes
in a specific design situation.
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THE PROBLEM AND THE CLIENT
The problem is to site an unspecified quantity of apartment
and/or condominium housing on a site of 45 buildable acres in
Millis, Mass. The owner/client, Sam Powel, says he would like
to put "as many units as the land can carry" on the site, commen-
surate with local politics and financial constrictions. He adds
that the project should reflect the values and atmosphere of
both his own and the other 10 units he now rents on the remaining
portion of his property (120 acres in total).
He lives in the barn (said to date from 1659) which he has
gradually converted since buying it in 1950. Lately he has
been running an arts and crafts gallery and renting two units in
exchange for help in running the gallery, all of which are also
in the barn. The remaining 8 units are in two adjacent farmhouses,
consist of 1 or 2 bedrooms, and rent for $200-250 per month.
The tenants are usually young couples. He also supports numerous
chickens, geese, dogs, cats, and a donkey. The relationship
between the tenants themselves and with Sam are pervaded with a
spirit of community and cooperativeness unusual for most rental
situations. The atmosphere is informal rural, and a bit unortho-
dox compared with the formal suburbanness of similar property in
nearby Dover and Medway.
Sam has also suggested that it would be nice if some "old
wood" could be included in the new units, and that perhaps sor
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of the project could be built by the tenants themselves. He has
not done any market analysis, but believes that because he has
never had any vacancies for longer than 8 hours for 20 years,
and that because most tenants have remained as long as they could
in the limited size apartments (one stayed for 8 years and 6
children), that he will not have trouble renting the sort of
project he envisions.
We have taken the term "what the land can support" to mean
the number of units that can be built without catastrophically
affecting the current visual character of the land and its
interlocking natural systems; soil, water, vegetation, wildlife,
climate, the ability to purify pollutants, etc. Thus we are
trying to design for "minimum environmental impact" commensurate
with the other "non-natural" systems constraints of the real
world.
We are probably stretching Sam's values considerably in the
way we are looking at this problem. He is ultimately interested
in making money. We are interested in exploring the limits of
designing for "minimum environmental impact" (including the
minimum reliance on conventional fossil-fuel heating and cooling
systems), and in developing a method for site analysis we can
use in our professional careers (hopefully'). Neither Sam nor
ourselves expect that the results of our work are likely to
produce a feasable development project. We do, however, hope
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that our work will have an impact on whatever he ultimately does
with the land by clarifying for him (and ourselves) some of the
various alternatives and their impact on the site.
The various paths of exploration relating to the project
can be divided into two major groups; natural systems, and the
socio-economic-political aspects of doing any project in the
real world. In any reasonable solution all these systems must
interact. To make clear the context for our explorations of
natural systems our progress with the socio-economic-political
aspects is outlined below.
ZONING AND LOCAL POLITICS.
Current zoning (39 acres Residence II and 6 acre Residence
III) would allow about 114 less allowance for roads duplex units
to be placed on 30,000 sq. ft. lots for the residence II area,
and 40 apartment units to be placed on 6 acres for the residence
III area. It is not clear whether the location of the lots must
conform to the zoning boundaries, or if only the total number
of units must conform irrespective of their particular location
on the parcel. In addition there is 15 acres of red maple wet-
land in the parcel that is theoretically protected from develop-
ment by both the Inland Waterways Protection Act and a local
zoning by-law. Both of these, however, have so far proved
unenforceable in the town.
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Although not a major figure in town government, Sam is
chairman of the Millis Industrial Development Commission, and
is well known and respected. He believes that he could get a
zoning variance to put up apartments or condominiums (pointing
out that little seems to get done without special permits and
variances.) Another factor is that the county would like to
straighten the road which bisects his property in a way that
will take a considerable chunk of his land. Sam is not against
the change, but believes it might give him some political
leverage for obtaining a variance. The area is supplied with
town water, but not sewer. A sewer line extension has been
projected for several years, but there are no immediate plans
to build it.
After having talked at length with several members of the
planning board, its secretary, and a member of the conservation
commission about cluster zoning and local development pressures,
I would now conclude that Sam could probably not get a variance.
Even if he could, the unit count would probably be based on
residence II density and exclude all wetland acreage. This
conclusion is primarily because those individuals were all
worried that developers and landowners who possessed acreage in
wetlands (40% of the town is wetland) would be able to use
cluster-zoning to add greatly to the number of units they could
build by basing unit counts on total acreage rather than
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buildable land. They argue the resulting increase in units
would both raise havoc with the town's service infrastructure
and rapidly change its character. They would therefore be very
leery of setting a precedent through Sam's case, even if they
felt his proposal was justifiable.
This is likely to change within a year or two because the
town has just let out a contract for a Master Plan to Metcalf
and Eddy specifying the development of a cluster-zoning by-law
as well as a general review of all zoning. The odds seem good
that Sam could get approval of the project subject to new
density parameters at that time. He also might be able to
obtain a higher unit count in exchange for deeding a conservation
easement.prohibiting all future development on the 20 buildable
acres not included in the project (which he has no intention of
developing in the future).
If we are able to arrive at some kind of ecologically based
"carrying capacity of the land" density figure (which I am not
optimistic about), both the figure and the method could be
valuable to the town at this time.
SERVICE INFRASTRUCTURE.
Like many other towns on the suburban-rural fringe, Millis
is now at the operative limit of its water and sewer systems.
It has just contracted for the drilling of a third water well
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(the lack of water forced the town to hold up another apartment
project until the completion of the new well). Thus water
should not be a problem for Sam's project.
Sewers are likely to be a major limiting constraint on the
project despite Sam's confidence that the projected line will
soon go in. The current treatment plant, while only mile from
the site, is now operating at capacity. It does not provide
full secondary treatment, and the skirts the town dump in a
drainage ditch that leads to the Charles River. They are now
considering establishing a joint plant with neighboring Medway.
The projected sewer line through Sam's property would involve a
pumping station and an increase in the capacity of the treatment
plant.
The Master Plan can be expected to resolve the problem.
Some kind of increased capacity is likely, but any new lines
need not follow old plans. We think it prudent to plan for on
site disposal systems, and develop an alternative should town
sewerage become available (which we won't have time to do). It
is also more useful for our own ends to plan for on site disposal
because that is the typical situation. The nature of the site
soils and the sites proximity to the town wells make this
likely to be a limiting factor.
Both roads and fire protection appear to present no major
off-site service problems. We have not yet explored the issue
of schools, but the type of market and units we are proposing
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should give a lag time of at least 5-6 years from construction
for any large influx on school population to occur, and that
would depend on the relative permanancy of the residents.
MARKET ANALYSIS.
It is pleasant to think that Sam's feelings are correct
that there is a market for 100-200 units of the sort we envision.
Whether correct or not, they should be thoroughly investigated
before Sam proceeds beyond tentative probes for financial
support. We have neither the time nor the expertise to carry
out a good market analysis. Our role is limited to trying to
express his (and our) rather optimistic hunches as a workable
site plan. The deepest we can (and should if time permits)
probe is to utilize his current tenants as potential users to
get input for program writing and feedback on our design
proposals.
If Sam feels that our design proposals are the sort of thing
he would like to build, then he can use the proposal as the
basis of a professional market analysis to see if there really
is a market for it, and then proceed as he sees fit.
Our own feeling, based on what is being built in the area,
talking with a few developers, and from trade journals, is that
a conventional market analysis done now would point to either
land subdivision for private lots, typical cheap construction
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brick "garden apartment" blocks (both of which Sam says he
doesn't want), or condominiums with lots of consumer image and
amenities like air-conditioning (which we consider wasteful and
unnecessary in a rural setting in this climate). We doubt
whether they would even test the issues we are addressing. Much
of this consumer image market (especially regarding condominiums)
has been created by the developers in their efforts to outdo
each other with visible amenities and marketing gimmicks, and
may make invisible whatever market might exist for the project
we are proposing. By using our proposals as a market study
base, Sam might get a more accurate picture of its marketability
than by having a study made with no clear example of what he
would like to market.
FINANCIAL ANALYSIS.
Here, too, we feel inadequate to do the sort of analysis
required. Until Sam engages in preliminary consultation with
bankers the interest rate remains highly uncertain. A further
complication is Sam's desire to avoid using the land to
increase his leverage in obtaining a mortgage; he would like to
retain full control of the property even if the project defaults.
Hence he will have to pay an excessively high interest rate to
obtain front end financing. He is willing to limit his income
from the project under 10% per annum, but the difference
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between the higher profits usually generated by successful
projects and the lower return rate he seeks will likely be
consumed by higher than normal interest rates.
He is motivated by profit incentive, but seeks a relatively
low rate of return in exchange for a high degree of security on
his basic input, the land; a very conservative approach that
makes it difficult to apply the rule of thumb estimating tech-
niques most developers use in preliminary estimates.
We did attempt a rule of thumb estimate. The results were
that based on current zoning and raw land value of $3000-4000
per buildable unit, approximately 250 apartment units would be
required as a minimum to break even. This checks with the Nagog
Woods development in Acton-in which 250 units were the break
even point and 500 units are being built on a similar sized
piece of land. (This project, a typical condominium, is
anathema to what we seek.)
We concluded that the variables were far too unknown to us
to produce viable results (at least until Sam talks with finan-
cial sources) but we are obviously on shaky financial ground as
long as we think in terms of 100 units.
Mediating this situation are two facts. Because he
acquired the land at low cost 25 years ago, he is far freer than
the average developer in determining the cost basis for his
analysis (as long as he is willing to accept lower than the
15.
maximum possible profit). Secondly, by careful site design
it may be possible to reduce the high costs of site improvenent
(utilities, roads, etc.) sufficiently to make the project r.:re
feasable.
Even though our project concepts are probably in realiV
doomed by financial constraints they should be useful to both
ourselves and Sam to see and utilize the trade-offs in the
situation.
PROPERTY OWNERSHIP.
Sam would like to retain control over most of the project
land after it is built. He also would like to foster as much
permanance in the tenure of his residents as he can, as well as
a strong spirit of community. The normal division of control
in condominiums does not foster permanance or owner-participation
in the environment because the owner's control is usually de-
fined by the projection of the eaves around the structure. Any
modifications beyond that point usually require the special
permission of the owner-governing-body set up to maintain the
communally held property (everything beyond the eaves line).
Such administrative procedures are likely to discourage residents
from changing the extexi or of their units, gardening, setting up
private outdoor areas with fences, etc., even after the developer
has pulled out his share of the control. (The developer usually
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sets up strict control of the exterior space to maintain his
market image throughout his build-out period -- it would be
interesting to observe whatever changes in governing rules do
take place after a developer is out of a project).
We believe each unit should have its own logical extension
of private outdoor open space which is controlled by the resi-
dent alone, and that commonly owned space should begin beyond
this (the same should hold for rental units). The owner could,
if he wished, have his private outdocr space maintained by the
community system for a fee. We do not, however, advocate large
( -4 acre) private space around detached units, as this does
not seem to work as a viable alternative to detached units
without common land (1-2 acre lots). Because Sam would like to
maintain control of the land he could set up the community
owned portion in such a way that he played a leading role, or
held a veto power over certain changes, or held easements
controlling those aspects he chose (probably future development
rights and conservation controls). or he might deed restrictive
conservation easements to the town or the Nature Conservancy, etc.
It is unlikely that the town would accept the land as a park,
etc. because they are worried about obtaining future
maintainance headaches.
An environmental lawyer concerned with real estate and
open space preservation has told us that such an ownership/
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property rights structure would be no problem legally through
the creative use of covenants and easements. The problem would
lie in convincing a banker to finance any unusual ownership
structure, and perhaps a skeptical town zoning board.
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DESCRIPTION OF TOWN FROM MILLIS
"RECONNAISSANCE REPORT, FEB. 1969"
The town of Millis is basically a suburban community
exhibiting rural characteristics (although these characteristics
are disappearing). Occupying approximately 12.17 square miles
of land area, Millis is located in Norfolk County approximately
23 miles southwest of Boston. It is part of the Boston Standard
Metropolitan Statistical Area and, like many other communities
in this area, the Town is experiencing sharp increases in popu-
lation and hence, great pressure for development. While Millis
can probably best be described as a "bedroom suburb" of Boston,
it does contain a small amount of industry.
Although the Town was originally settled in 1657, it was
not incorporated as a separate town until 1885. When first
settled, the Town was part of Medfield and primarily agricul-
tural in character due to its location on the west bank of the
Charles River and soil conditions particularly suited to agri-
culture. When, in 1713, it became part of Medway, the Town
developed as a small manufacturing center producing such goods as
straw bonnets, carpets, bells, organs, textiles and shoes. Over
the years Millis has managed to retain a small manufacturing
base; however, this has never been a significant growth factor
for the community. A quiet residential community, population
expansion in recent years can be attributed to the rapid
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suburbanization occurring throughout the southwestern segment of
the Boston Metropolitan Area.
In 1965 the population of Millis climbed to 5,262 persons
(State Census) . This represents an increase of about 20% since
the 1960 Census and is indicative of the population growth which
has taken place in Millis in recent years. Population growth
since 1950 and projections for the. years 1975 and 1990 are shown
below.
Population Projected Population
(MAPC Projections)
1950 2,551 1975 7,200
1955 3,030 1990 13,000
1960 4,374
1965 5,262
Some social and economic characteristics of Millis' population
include the following (information obtained from the 1960 U.S.
Census). The median number of school years completed by resi-
dents of Millis was 12.3 years which was above the Boston SMSA
average of 12.1. The median income of $6,500.00 was below the
SMSA average of $6,687.00. Although no information is available
regarding the median age of Millis residents, U.S. Census data
does indicate that Millis has a relatively young population as
compared to the Boston Metropolitan Area. Roughly, 15% of its
population is in the 25-44 age category and nearly one-fourth
of Millis residents are under 24 years of age. Only two
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persons of the total 1960 population were non-white; the Boston
SMSA total was 3.0%.
The great majority of housing in Millis is single family
units -- 84.6% in 1960. Substandard housing in Millis amounted
to 10% with only 1% in the dilapidated category (1960 Census).
Over half (53.3%) of the housing in Millis was built before 1939.
The median value of housing in 1960 was $15,000.00 as compared
to the SMSA median of $15,900.00.
Although most residents of Millis are employed elsewhere,
the Town's economic structure does include a modest amount of
industry. In 1967, 82 firms employing an average 774 persons
had an annual payroll of $4,690,834.00, according to the Massa-
chusetts Department of Employment Security. Manufacturing,
providing jobs for 65.3% of the total employed population, was
by far the largest source of employment in Millis. Thirteen
manufacturing firms employed an average of 505 persons with an
annual payroll of $3,496,643.00 in 1967. The four leading
manufacturing firms located in Millis are the Cliquot Club
Company, Joseph Herman Shoe Company, the Rubberoid Company and
Hodgson Homes. Wholesale and retail trade follow manufacturing
in economic importance. In 1967, three wholesale firms and 23
retail firms reported to the Division of Employment Security.
Combined, they provided jobs for an average of 121 persons
(15.6%) and had an annual payroll of $395,675.00. Retail sales
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amounted to $2,163,000.00 (U.S. Census of Business). Agricultural
activity in Millis is minimal involving 0.5% of the employed
population.
Land formation in Millis is predominately flat to gently
rolling with maximum elevations of 200 feet and considerable
areas of swamp land. Soils are generally well-drained, moist,
of good texture with some wet and very little droughty. There
are several small water bodies in Town, the larger two being
Bogastow Pond and South End Pond located in the northern-most
portion of the Town. These small water bodies drain through
much swamp land into the Charles River which forms the eastern
boundary of the Town.
PLANNING PROBLEMS AND OPPORTUNITIES
Located in the fast growing southwestern segment of the
Boston Metropolitan Area, Millis is faced with many problems
typical of suburban growth communities. Studying these problems
within the context of a Master Plan will assure Millis of an
opportunity to deal effectively with these problems.
As in many other communities in southwestern Massachusetts,
suitable land for various types of development is an ever-
present problem. Although Millis doesn't suffer from a shortage
of land for development, unfavorable soil conditions, areas
subject to flooding, and a great deal of swamp land tend to
restrict and impede development. However, the Town of Millis
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has taken an important step in this regard by undertaking the
preparation of an Operational Soil Survey. The information
derived from this survey will be a valuable input into the
Master Plan.
Because of rapid increases in population in Millis and
resultant pressures for various kinds of development, the Town
must prepare itself to absorb and direct this growth into an
orderly and logical pattern of development.
With respect to residential land use and housing, there
presently exists in Millis a substantial demand for and an
adequate amount of suitable land for this type of development.
Although Millis consists predominately of single-family dwel-
lings, there are areas where apartments are allowed by special
permit. The Town has indicated interest in the construction of
garden apartments and town houses but limiting this to those
areas where utilities already exist. Millis is not in favor of
high rise apartment complexes, however. Public housing in
Millis, to date, has been for the elderly. The Town expects
to work toward more low-income housing as the need arises.
A Master Plan would be of great benefit to the community in
unfolding alternate approaches to this problem. A second
reason for collecting more detailed information on housing is
the problem of substandard housing in Millis. Although not
faced with a serious substandard housing problem, a visual
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field inspection has revealed areas where these conditions do
exist.
Although, basically, a suburban-rural town, there is a
significant demand for industrial and commercial development.
Millis desires more industry and has an Industrial Development
Commission working to attract light industry to the Town in
order to broaden the tax base. However, the location of new
industry in the Town can present problems. There is a shortage
of suitable land for this type of development (soils limitations)
in Millis and such matters as the completion of 1-495, the
relocation of Route 109, and the resultant impact upon the Town
must all be carefully studied. Another factor that deserves
consideration in this area is the locational advantage provided
Millis by the Norfolk Airport located just over the Town line.
The Town has also expressed interest in enlarging upon the
local tax base through the expansion of commercial activity,
and there is apparently a demand for such development in the Town.
Presently in Millis, however, commercial areas are declining and
need study. The Central Business District is quite small and
somewhat deteriorated as evidenced by the number of vacant
stores. There are a series of small unconnected stores which
visually displeases. Generally, the Central Business District
lacks continuity or cohesiveness. In -addition to these problems,
the Center is also experiencing traffic congestion and a need
24.
for more off-street parking (especially since there is no
adequate means of public transportation). The Town should
seriously consider a downtown improvement program to upgrade the
existing center and determine areas suitable for commercial ex-
pansion. Such a study is essential if older town centers are to
survive and compete with regional centers such as the Medway
Shopping Center near the Town line.
Another area which needs study is the southwestern portion
of Route 109. Development along this stretch of highway consists
of a mixture of poor highway commercial uses (including a few
junk yards) and light industry. Methods of improving this area
and preventing further decline (which usually occurs in areas
such as this) should be considered.
The provision of adequate community facilities and services
is becoming an increasingly serious problem in Millis. Of
immediate concern is the provision of additional space for
public buildings. A committee to study this problem and investi-
gate land purchases has been established in Millis. Schools are
another area which is being studied locally and will become more
of a problem due to a shortage of suitable land and sharp increase
in population. Other areas of concern include more land for
local recreation, expansion of town garage, the need for more
water pumping stations and well sites, the acquisition of land
to protect these well sites, and the possibility of entering
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into a regional sewerage system with Medfield. The local street
system and the lack of adequate public transportation in Millis
are also problems which must be studied.
one area of primary concern to the residents of Millis is
the preservation of open spaces in the Town. The Millis Con-
servation Commission is presently engaged in studying ways to
protect and preserve the scenic and natural resources of the
community. The Commission is especailly interested in the pro-
tection of wetland areas, working farms which presently exist
in the community and adequate provisions in the zoning by-law
to protect flood plain areas. The Town also recognizes the
need to coordinate these local efforts with plans and programs
on the regional level. Coordination with the activities of the
MAPC, the Charles River Study (conducted by the U.S. Corp of
Engineers), and possibly some of the ideas proposed in the
Massachusetts Bay Circuit Study are essential. Also of regional
significance is the long-range plans of the MBTA and 1-495. All
will inevitably have an impact on Millis and will need to be
coordinated with local planning efforts.
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THE DESIGN PROCESS
INTRODUCTION AND PRELIMINARY QUESTIONS
A major goal of this thesis has been to develop a design
process for site planning. The method evolved is composed of
five basic steps. It was only as I started to write this thesis
that this structure became clear to me. The following sections
are a documentation of my experience evolving and using this
method. I hope that describing my problems, findings, and
sources will provide a useful start to others interested in
exploring ecologically biased site design. Briefly, the steps
are:
1. Obtaining raw data about the site and the particular
design problem; by research, observation, and pro-
fessional consultants.
2. Changing the information to form usable for making
design decisions and for communicating to other actors
in the process; by overlay mapping and the assigning
of relative values to both site features and perceived
design alternatives. (In this case the extremes of a
typical developer and a pure ecologist.)
3. Making design decisions from the data and the produc-
tion of preliminary designs based on alternative value
systems; as layed down in #2.
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4. Evaluating results based on maps and value charts made
in step 2; as economic costs and environmental costs,
and the extent to which various schemes meet their
stated goals.
5. Using maps, value charts, alternative schemes, and
their evaluations negotiate with various other actors
in project to produce a "compromise" project that is
feasable (e.g., zoning officials, bankers, etc.). The
entire process should then recycle to the appropriate
step to redesign.
Before embarking on step 1, one must face the difficult
problem of knowing what data is useful to the particular problem
and how to use it. Because I knew very little at the start of
this project about ecology and its possible useful application
to site design, I took a very encyclopedic approach. I simply
attempted to learn about and gather as much information about my
site and its relationship to the surrounding regional landscape
as I could. I hoped that by amassing more detailed information
than I had seen in other published examples (McHarg, etc.) and
applying it to the relatively small scale of a 45 acre site that
I would find some hitherto hidden useful applications of ecology
to site design. Although I did not make any such discovery
(the wide range and volume of the natural systems information
I intended to learn about really precluded any such possibility),
I did perceive areas that would be useful. to study in further
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depth (probably in conjunction with science professionals).
The purpose of my initial background research was to learn
basic background information to add to my understanding of the
interactions of the natural systems on the site and the identi-
fication of their individual elements and to learn about their
relevance to my design problem. This was akin to a do-it-
yourself science course, and much of what I learned was not
directly applicable to the site or to architecture. often
information that was applicable simply confirmed commonly known
"rules of thumb." I found, however, that understanding the "why"
of rules of thumb helps immensely in making careful application
of them to determine the relative importance of the many
possible natural systems constraints, and in understanding the
environmental impact of alternative design decisions. To have
had the working knowledge of a local contractor or site engineer
would also have aided immensely in understanding potential
environmental impacts and determining what data was relevant to
collect.
My first step in this initial research was to review Ian
McHarg's Design with Nature, Kevin Lynch's Site Planning, The
Land Development Manual, The Plan for Block Island, and to
browse through the library for other examples of ecologically
oriented site planning. That search turned up J. Richen's thesis
Development of an Operational Method of Site Analysis, a couple
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of short articles on the use of soil surveys in land use planning,
Odum's Ecology, and several books on air photo interpretation.
Of all these the only items that seemed useful at that time were
Lynch's Site Planning, which only seemed to brush the surface
of what I was after but did serve as a useful checklist in
helping to determine the sort of information I was after, and
Design with Nature. The latter deals mostly with regional
planning, and I have also felt that the information it presented
as the basis for decision making was both often inaccurate and
too coarse grained. (This opinion is the result of my own
knowledge about Staten Island which is the subject of two of the
book's studies.) It also is lacking in viable and useful
suggestions for implementing its conclusions. In spite of all
these objections it served as the major source in determining
what specific information I would set out to gather about the
town and the site, and how I might begin to organize that
information for decision-making. The Plan for Block Island was
also of some help in this regard. (After trying to do this
study I now all too well understand McHarg's inaccuracies!) Thus
the outline for the data to be collected in the thesis proposal
is largely extracted from Design with Nature.
I recently reviewed the above literature with the perspec-
tive of hindsight, and all of them now seem considerably more
relevant than they seemed previously. (With the exception of
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the ecology and aerial photo books which do not really touch on
the methodology of natural resource planning.) The reason was
both my own increased experience and familiarity with the topics,
and the fact that I had abandoned most of my initial belief
that a finer grained natural resource inventory would necessarily
yield more sensitive fine-grained useful determinates for
planning and design. I was much more amenable to using rules
of thumb in a careful way because I realized that to obtain
the very accurate local raw data I initially sought was far
beyond my technical means and time, and likewise would not yield
an even remotely commensurate improvement in planning in most
cases.
My first suggestion to anyone else setting out to learn
about ecological site planning would be to be cautious in setting
ambitious goals and interpreting reading in relation to them. I
would particularly recommend the chapter in Design with Nature
titled "Processes as Values" (which is a land use study of
Staten Island) as a good introduction to the types of natural
resources information whose relevance to site planning should
be understood and which should be collected, mapped, etc., if
they are deemed relevant to the particular site problem being
studied. It also explains the basic method of using gray-toned
transparent overlays to map resources-as-values, and how the
individual limitations of each factor build up in a group of
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transparent maps to show the total extent of limitation caused
by the values applied. Likewise, it shows a good example of
how to set up a chart relating systematic grading of various
site qualities to possible uses (although I disagree with some
of the valuations made). The example is a good starting point
for setting up and experimenting with mapping and value-charting
systems that work for one's own particular problem.
In Lynch's book chapter 4 "Site form and Site Ecology,"
and chapter 8 "Earthworks and Utilities" are a helpful beginning
in understanding the major determining factors in soils inter-
pretation and the effects of climate (which McHarg ignores
entirely), as well as a more practical site scale approach to
other areas McHarg considers but does not explain. The Land
Development Manual is a good source book on developer attitudes
and rules of thumb (although it is oriented towards what the
"good", "responsible" developer should do rather than what is
usually done).
In the following sections I will describe and evaluate my
collection of site data and the sources I used by subject area,
and then explain the mapping process and the other steps of the
design process.
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I. THE COLLECTION OF SITE INFORMATION
1. BASE MAPS AND AERIAL PHOTOGRAPHY.
The first step in the collection of site data is to acquire
or make a base map with contour intervals of no more than 5 feet
(unless the site is very steep) at a scale of 1"/200', 1/100, or
1/40 or 50, depending on the size of the site. A very large site
(say 200 acres) would produce too large a map to be handled
easily at 1/40 or 1/100, while a small (20 acres) site could be
easily accomodated at 1/40. A scale smaller than 1/200 (say
1/500) is generally too small to map the sort of information
useful in planning an individual site.
Another basic decision to be made is where to set the
boundaries of the map and the area to be studied. To simply stop
the map at the edge of the site being considered is counter to
the spirit of designing with the natural systems, which usually
do not observe our legal boundaries. Thus one should, within
reason, determine the natural and/or man-made boundaries to the
site's eco-systems (or influences on the site's system) and set
the edge of the map there. Thus in this case the boundaries
were set at the edge of the roads that end the extensions of the
fields and woods beyond the site itself. This also includes
existing houses that would have direct interest as abbutters in
whatever is built on the site. On the downstream side of the
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site drainage, the boundary has been drawn to show where the
drainage will go off-site.
I selected the scale of 1/100 because 1/200 was too small
to use as a working scale to map the detail I envisioned, and a
larger scale would produce too large a drawing or force the edge
to be too near the site boundaries.
If one is a student with a small budget, the problem of
obtaining a site map can be formidable if the owner does not
have one. The first step is to check with the local town offi-
cials to see if a map exists that could be used for academic
purposes. If this fails one might try various county agencies,
especially departments of roads and public works. If all else
fails a USGS contour map covering the area can be enlarged and
the contours interpolated to 5' intervals. One can also make a
quick site survey using a hand level and compass that will
suffice (two people can cover 10-20 acres per day marking at
100' intervals).
The other essential item needed for a base is an aerial
photograph of the site. Although most books suggest using stereo
photographs, I did not take the time to learn to use them. If
one does use stereo the prints used should be ordered as contact
prints, as enlarging does not increase the amount of information
available in them; it merely makes them harder to work with
under a lens-stereoscope. Consult the Bibliography at the end
of this section for specific references.
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The owner of the site had a 9" x 9" photograph contact
print at a scale of 1"/500' which I had blown up by the company
that took it to the scale of 1/100 on transparent mylar film
(it became 40" x 45"). Although the mylar was relatively
expensive, because it was transparent I could make excellent
quality paper prints from it on a diazo machine, and also use
it on a light table to transfer data directly to other maps or
observe the relationship between it and other maps. Because
of slight dimensional distortions inherent in the photograph
and perhaps in my base map the two do not align perfectly; but
they are sufficiently accurate to be run through the diazo
machine together to produce a print of the photo with the
contours on it. This was invaluable in doing on-site
reconnaissance, as it was usually possible to pinpoint where
one was standing on the contour/photo map and thus accurately
mark where particular features were. With either map alone
it would often have been impossible with my experience to
accurately locate features (within 50'), and it would have
taken considerably longer to thoroughly orient myself to the
site. It also facilitated the transfer of information, and
field notes from photos to maps.
Before ordering the enlargement I experimented with
enlarging the contact print by photocopying, but found that
enlargement by this method to greater than 1/200 resulted in
too much quality loss.
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Of the books I consulted to learn how to read site
information about types of trees, drainage, geology, etc., the
best was the Aerial Discovery Manual by C.H. Strandberg. Of
lesser use were Douglas Way's Airphotointerpretation for Land
Planning and the Soil Conservation Service's Aerial-Photo
Interpretation in Classifying and Mapping Soils.. The most
effective way to learn is to first read whatever background or
keys that are in the manuals. Then simply take the photograph
to the site and correlate a known example of the feature with
its image on the map. Thus by experience it becomes possible to
tell an oak from a maple or from a beech on the photo without
going to the site, and likewise to identify areas of poor
drainage. After learning this way it should now be possible for
me to cull this sort of information from a photo of another
similar site without extensive field checking. If I had used
stereo photos the information would have been considerably
easier to read and required less field correlation.
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SOURCES: TOPOGRAPHIC MAPS
1. Local town officials, especially Department of Public Works
(DPW), town planning and zoning boards, Conservation
Commissions.
2. State and county DPW offices.
3. U.S. Geological Survey (USGS) contour sheets (available
from camping and map stores).
N.B. If the project is to actually be built, a professional
engineer's survey at 2' contour intervals will probably
be required.
SOURCES: AERIAL PHOTOS
1. Local town officials including town assessor.
2. State DPW covers the entire state once every ten years and
maintains all photos in open files. They will aid in con-
tacting the company that took a desired photo, but do not
loan their own copies. Scales are generally 1/200,
1/600, and 1/1000, and photos were usually taken in April
which is the best time for most interpretation uses. For
further information contact Merwin Chandler, Room 717,
Massachusetts DPW, 100 Nashua Street, Boston; Phone
727-5006. COST, $5-15 per contact depending on number
ordered.
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3. U.S. Department of Agriculture (USDA), both the
Agricultural Stabilization and Conservation Service
(ASCS) and the Soil Conservation Service (SCS) cover much
of the U.S. and all of this area. The scale is 1"/1320'
or smaller, and photos are often taken with leaves on the
trees. Thus they are less useful than state DPW photos for
most sites. Their cost is cheap, but the scale of possible
enlargements offered is also limited. Be sure to specify
"scale accuracy" when ordering prints. The best way to
locate them is to call the county Department of Agriculture
ASCS office for the area in which the site is located.
4. U.S. Coast and Geodetic Survey and U.S. Geological Survey.
Scale is 1/2000. The State DPW has Massachusetts photos
on file.
BIBLIOGRAPHY: AERIAL PHOTO INTERPRETATION
(in order of usefulness)
Strandberg, Carl H., Aerial Discovery Manual. Covers basics of
stereo interpretation technique, aerial photo scales, etc.,
geological landforms, soils, drainage patterns, and water
resources interpretation with good text and well reproduced
photos with contour sheets for comparison. Stresses inter-
pretation of water resources for pollution analysis.
U.S. Department of Agriculture, Aerial-Photo Interpretation in
Classifying and Mapping Soils, Agriculture Handbook #294.
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Covers basics, but not as much detail as Strandberg. Good
photos and specific interpretative information for soils
including short section on typical conditions in New England.
Useful scale converting photo scales to acres/sq. inch, etc.
Way, Douglas, Air Photo Interpretation for Land Planning. Covers
geological landforms and some trees with information on
suitability for construction, probably drainage, indications
of related ecology, etc., but is too comprehensive and
condensed to be useful without additional references. Most
of the information he presents are in other sources; his
bibliographic references are quite useful.
U.S. Department of Agriculture, Forester's Guide to Aerial Photo
Interpretation. oriented toward making estimates of timber
volumes, etc. Not too relevent to most site design problems.
Several useful charts on tree silhouette/shadow identification
of different species.
U.S. Department of Agriculture, Uses of Airphotos for Rural and
Urban Planning. Not very useful, says only the obvious;
that you can count building types, cars, etc. and see land
use changes.
American Society of Photogrammetry, Manual of Photographic
Interpretation. Sometimes interesting, usually too technical
and specific to other problems.
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2. GEOLOGY.
The first step is to acquire a basic understanding of the
landforms and underlying geology likely to be encountered in
the area being studied. One should understand how they came
about, what they usually look like on air photos and contour
maps, and what, if any, specific implications they have for the
type of construction being planned. Any good college textbook
on geomorphology or physical geography is sufficient for general
background information, and Strandberg is good on what landforms
look like.
The specifics of relevant geology break down into two
topics; the underlying or bedrock geology which is the solid
ock basement of the landforns we see on the surface, and
surficial geology which refers to the material and type of the
surface forms themselves between the bedrock and the top layer
referred to as the "soil" ("soil" usually refers only to the
top one - three feet of what we commonly call dirt).
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It is useful to know the basic type of bedrock structure for
the general region in which one's site is located as this is
related to the probable landforms, soil structure, and hydrology.
But in the New England area it is not usually necessary to know
precisely what type and how deep beneath the surface of the
specific site the bedrock is located when considering small
scale residential construction. (There are some instances in
hydrology where specific bedrock information is necessary; these
are discussed later.) It is, however, important to know if and
where bedrock rises to 10 feet or less of the ground surface as
it then has direct implications for foundation conditions, ease
of excavation, and the presence of high water tables.
It is easy to find out the broad regional characteristics
of the bedrock consulting the appropriate reference. At the
site scale one can easily inspect the site area for any bedrock
outcrops that would be a signal to suspect its presence not far
from the surface elsewhere, talk to local contractors about
local conditions and inspect any nearby excavations. But beyond
this it is difficult, time-consuming and often expensive to
obtain precise site information; especially if the area has not
been mapped for geology by the U.S. Geological Survey (which is
the case for most of Massachusetts). Methods usable are to dig
test holes (be careful not to mistake boulders for bedrock),
consult records of nearby wells for their drill logs (very
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time-consuaming if they exist at all), or hire a professional to
do seismic testing and drill test cores (expensive' but the best
solution if critical information is needed for pollution control
hydrology or major foundation work).
In this case the town wells (500' southeast of the site)
hit bedrock at 40'. There is one rock outcrop at the 125'
contour on the east side of the marsh abutting the east border
of the site (1000' east of boundary), and another large outcrop
uncovered at about 125' in the gravel pit 2000' to the northeast.
I have found no specific evidence in other areas around the
site. I would therefore surmise that although the bedrock is
probably close enough to the surface to influence the basic
undulations of the ground, it is not likely to be within 5-10'
of the ground level and hence not a determinant in preliminary
planning decisions.
Specific knowledge of the surficial geology of the site
area is important, as this directly determines foundation prob-
lems and soil water conditions (which in turn determines much
site ecology and potential pollution problems). Knowing how and
when typical local landforms were created and assessing the
region on a USGS contour map (1"/2000') from that information
is a good start. Soil Conservation Service soil surveys (which
exist for much of this area in unpublished form;see Soils) are
helpful because they usually state the "parent material" (which
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is often the basic type of underlying surficial geologic formation,
or a good clue) from which the soil was formed. Caution must be
used in drawing conclusions from soil surveys, however, as they
rarely probe more than 2 or 3 feet and thus do not indicate
surficial conditions that may be a layering of one type of
deposit over another in geologic time. Much can. also be learned
by simply looking; in this area the presence of many surface
boulders is a clear sign of glacial till or "ground moraine"
(commonly called "hardpan"), large, marshy flat areas are a sign
of ancient lake beds, and presence of gravel pits and/or short
terrace escarpments with flat tops indicate water laid sand and
gravel kames and out wash plains.
Most of my information on surficial geology was derived
from a rather sketchy unpublished preliminary map at the U.S.
Geological Survey office in Boston, talking with the geologist
who made the map and comparing it with the SCS soil survey.
The landform of the town was determined during the retreat
of the last (the Wisconsin) glacier. As the ice retreated a
large stagnant tongue remained in what is now the Charles River
after the ice covering the higher land (over 150') had melted.
As it melted it deposited large piles of stratified sand and
gravel (stratified drift) along the edges of the valley, and
isolated piles in the valley itself where meltwater ran through
a large hole in the ice, or a block of stagnant ice formed an
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edge for sand and gravel to collect on. These deposits, called
kame terraces and kames, are scattered along the Charles valley
in Millis. In some places stagnant ice dammed the meltwater and
thus formed large lakes on whose bottoms were lain smooth level
layers of sand and gravel, and if the lakes remained after the
ice because of altered drainage patterns, layers. of organic
matter. On the higher land the great weight of the glacier
compressed the assorted rocks and rock floor into the soil to
form what is called glacial till or "hardpan" (because it is
very dense and relatively impermeable to water). (This is
commonly accepted theory.) Thus in Millis the higher land between
the drainage valleys is glacial till, the edges of the valleys
and their floors have deep deposits of sand and gravel, and the
flat lower lands are ancient lake beds.
The site is situated on the edge of the valley at the
transition zone between lake bed, valley wall, and upland till.
The short, steep escarpments are sand and gravel'ice-block
deposits laid against the valley wall, the marsh is ancient
lakebed and the higher flat areas are the transition between
till plain and water laid deposits. There are discrepancies
between the soil survey and the USGS surficial map (one calls
deep water laid deposits what the other calls till) which I
believe are because the SCS tests do not often detect hardpan
more than 2-3 feet beneath the surface. Thus in one area of
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the site the reason that the basically well-drained "deep"
deposit of sand and gravel actually has a very high water table
half the year may be because its drainage is impeded by a layer
of hardpan 4-5 feet beneath the surface. It is a case of the
earlier upland till deposit being covered by meltwater deposits
from the later-melting valley tongue. This particular formation
has given considerable trouble and expense to the town because
of failing septic tanks and thus polluted storm drainage from
developments situated on it. If not properly considered it
could give considerable trouble to any building on the site.
Hence it is very important to recognize and understand this
problem for development to be planned "ecologically." It is
also possible that the poor drainage could be caused by bedrock
being close to the surface, but there is little evidence to
suggest this from nearby excavations. The matter should be
settled by digging a test pit before advancing too far in
final planning.
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SOURCES: GEOLOGY
1. Published USGS bedrock and surficial geology maps. USGS
have published only a few sheets for this area. In
checking for them they are classified by the USGS contour
sheet quadrangle they cover, eg., "Medfield Quadrangle."
It is helpful to look at one or two maps even if they do
not cover the specific quadrangle one needs to learn more
about the correlations between landform, contour, and
geologic structure (especially if they cover an area similar
to one's own). Lindgrin Library at MIT has all published
maps.
2. USGS regional office, Kennedy Building, Government Center,
Boston. They will have any unpublished maps for this area
(there are quite a few), although quite a bit of persistance
may be needed to find out just what they have. The best
method is a personal visit, and if the right person is
found you will also get invaluable verbal information.
3. Soil surveys. U.S. Department of Agriculture, Bureau of
Soils. Acton, Mass. is headquarters for this area; other-
wise check county office. All published surveys are
available in Hayden Library basement, MIT, under call
number 630.973/U58St. For unpublished surveys first check
local town offices, then check local county SCS office.
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Bruce Humphries at the Acton office was also of much verbal
assistance.
4. Massachusetts Department of Natural Resources and/or the
Army Corps of Engineers (Trapelo Road, Waltham) may also
be of help, although they will probably refer you to the
USGS office.
BIBLIOGRAPHY: GEOLOGY
Jorgensen, Neil, A Guide to New England's Landscape. Good
general background information on the geological history of
the New England area. Not a substitute for a good landforms
textbook, but a very necessary companion to one. Also
excellent bibliography.
Longwell, Flint, and Sanders, Physical Geology. The best of the
basic geology textbooks. A good reference, but needs good
specific regional companion such as Jorgensen. There are
several other texts available that are equally as good for
a basic reference.
Adams, G.F., and Wyckoff, Landforms, the Golden Press, N.Y.
(paperback). A cheap, hand pocket reference that serves as
a good recall device for more detailed information learned
from other texts. Used as a sole basic text it is a little
thin. (There are other books in this series, one on
weather and another called Geology. They are similar in
quality, although I feel this is the best of them.)
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Strandberg. See Aerial Photo Bibliography.
Way, Douglas, Terrain Analysis, Dowden, Hutchinson, and Ross,
Stroudsburg, Pa., 1973. A new book I've only looked at
briefly. Appears to be improved over his other air photo
book in that there is considerably more explanatory text
covering the geology and developmental suitabilities of
landforms. However, it entirely omits vegetation and
related ecology.
Shelton, John, Geology Illustrated. Has some good photos and
fair text on glacial landforms, but is best on the western
U.S. Only a supplementary text.
Hunt, C.B., Physiography of the U.S. Covers toowide an area to
be useful. Jorgensen is far more specific.
See also Soils bibliography for other relevant books.
Geology books not reviewed but listed in main bibliography were
ones I couldn't locate.
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3. SOILS.
The influence of soils on natural drainage systems and the
vegetative ecosystem, and their implications for construction
and waste disposal make a thorough knowledge of site soils a
key factor in site analysis. One must know the type of soil, its
composition and texture, and its drainage and engineering
capabilities. Fortunately, this information is well documented
for much of this area in SCS soil surveys.
The first step in utilizing soils information is to under-
stand in a general way the relationship of soil to groundwater
and to vegetation (all are bound together) as well as how the
soil was formed from its parent material (usually the underlaying
surficial geology). The next step is to understand how its
various characteristics place different limitations on its use
as a foundation and load bearing material by man, on its capacity
to absorb and/or purify wastes, and the effect of development on
its water bearing and other natural functions.
In this case, after reading the background books in the
bibliography it was simply a matter of interpreting the SCS soil
report I had obtained from the town and the SCS office in Acton.
Since the material presented in unpublished surveys is often
not as clearly presented as the published ones, I occasionally
referred to the published survey for adjoining Plymouth County
to clarify the relationships between certain soils, obtain
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technical profiles, and get a better idea of how the mapping
decisions were made. By observing the soil and water conditions
on the site, using the aerial photo to help detect wet areas, and
observing the soil profiles laid bare in nearby excavations and
gravel pits containing the same type of soil, I was able to get
a clear picture of the site soils and their various attributes.
As the ground was frozen most of the time I was not able to dig
test pits, but to do so, especially in ambiguous areas, would be
wise. Noting the size of rocks laid bare in an eroded gully
gave me a good idea of just how rocky the "sand and gravel" in
that area was (many large cobbles, to be precise).
A few words of caution in using SCS surveys. They are
characterized as 85% accurate, and the boundaries they show are
not meant to be precise; usually one soil type gradually grades
into another, and pockets of different soils may occur within
a.deposit of one particular mapped type. Thus one should
consider a mapped boundary -to be within about 150' of the actual
transition area, and use observation to pinpoint the change.
Often vegetation provides a vivid clue to boundaries (see
Vegetation) especially in relation to water content. On my
last visit to the site I noted an abrupt and startling transi-
tion from bare brown forest floor to a thick carpet of green
wild lily-of-the-valley that lay precisely on what I had con-
cluded to be the boundary between slightly wet and dry soils.
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As mentioned under Geology, the SCS surveys only indicate con-
ditions 2-3 feet deep, and statements about underlying strata
should be considered conjecture only. In the instance cited
under geology knowledge of why the soil had a high water table
when it also had good permeability is necessary to determine
what corrective measures would work best to make it buildable
(if one chooses to build there at all). Other instances of the
same soil on the site appear to be wet not because of under-
lying strata, but because they are low-lying drainage paths for
the surrounding area. Finally, SCS soil classification types
are designed for agricultural use, whereas the engineering
classification of the subsoil is a more relevant designation for
construction. It is usually given somewhere in SCS reports.
The site soils break down into three main groups; highly
permeable sands and coarser sand and gravel (containing many
cobbles and some stones) developed from water-laid stratified
sand and gravel deposits, fair to poorly drained sand-loam soils
developed on glacial till (hardpan) which is usually within
2-3 feet of the surface, and organic deposits of peat and mulch
in lowland marsh areas. The sand and gravel soils break down
further into groups with high water tables part of the year and
groups that are relatively dry year round for reasons previous-
ly discussed.
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The data was documented by first transferring the soil
survey boundaries to a composite aerial photo/contour sheet and
noting relevant characteristics of the sheet with colored
pencil, etc. I then used the same sheet to take on-site field
notes and aerial-photo interpretations.
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SOURCES: SOILS
1. Soil Conservation Service soil surveys.
a. First check local town officials to see if they have
had the SCS do a "private (unpublished) soil survey.
This may require a little sleuthing as many towns forget
they have them and/or lose them.
b. Check local county Department of Agriculture/SCS
office (some seem to serve several counties) . Acton
is headquarters for counties in this area, and Bruce
Humphries at that office is very helpful especially
if you go there. They should be able to tell you if
your area has been done, and if it has been officially
published in a county-wide survey. You can then order
copies of aerial photos with soils mapped on them at
a scale of 1/1320 (4"/mile) for $.50 each. Delivery
takes 3-6.weeks, and scales are often grossly in-
accurate so care must be used in transferring informa-
tion to base maps. If soils use-limitations maps were
done as part of the survey you must obtain them
directly through the town as the SCS will not release
copies except to the town. They are quite useful if
you are trying to get a good picture of a large area,
although they can be produced directly from all the
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information in the SCS written report (which also must
be obtained through the town).
c. The owner of the site can request a soils use study
("farm plan") be made by SCS if the area has previously
been mapped (I'm not sure if he can if it hasn't been
mapped). Its primary use is that they give you a
1/660 scale enlargement of the original survey photo
which is much easier to transcribe boundaries from.
d. All published SCS surveys are in the basement of
Hayden Library, MIT, under the call number 630.973/
U58St. They also can be ordered from the Government
for $1.50, but delivery probably takes 5 weeks.
2. USGS surficial geology maps and talking with USGS geologists
can help in solving some questions.
3. If no surveys are available mapping must be done by direct
site reconnaissance. Lynch's Site Planning is especially
helpful for this.
4. Observation of local excavations and gravel pits; talking
with local contractors.
5. Analysis of aerial photos for tone and vegetative cover
changes.
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BIBLIOGRAPHY: SOILS
Hunt, C.B., The Geology of Soils. Excellent general background
on formation of soils, relationship to underlying geology,
and to vegetation. Highly recommended.
Oosting, The Study of Plant Communities. More specific on
relationship of plants, water, and soil. See Ecology
bibliography.
Scs published ana unpublished surveys. Necessary if available.
See above sources. Surveys for adjoining, similar areas
are helpful if none others are available. Comparison of
surveys with USGS surficial maps for similar areas is also
a helpful exercise.
Lynch, Kevin, Site Planning. Excellent on practical interpreta-
tion of soils for use, field identification of soils, and
the relationship between the SCS agricultural system of
classification and the engineering system.
U.S. Department of Agriculture, SCS, Aerial-Photo Interpretation
in Classifying and Mapping Soils. Moderately useful,
especially if no SCS surveys are available. Is best on
identifying broad characteristics and geology.
Bartelli, L.J., Soil Surveys and Land Use Planning. A collection
of articles from a professional conference. A few articles
are moderately helpful in gaining a sense of the type of
interpretations that may be useful; articles by Montgomery
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and Edminster, Baurer, Doyle, and Quay are best.
Dame and Brooks, Trees of New England.
USDA, Forest Service, Fowells, H.A., Silvics of Forest Trees of
the U.S. Both above books are best source on preferences
of particular tree species to particular soils types.
USDA, Soil Survey Manual, Handbook #18 (503pp), 1951. I was
not able to locate this, but assume it would give good
insight into the SCS classification and indentification
system.
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4. HYDROLOGY.
The relevant hydrologic data to be collected can be divided
into two main groups: surface water including runoff drainage,
floodplains, and watersheds; and subsurface water. Information
on both groups is vital to judge both possible construction
problems and future pollution potential.
Surface water characteristics can be derived directly from
the aerial photo-contour composite, and verified and made more
accurate by on-site inspection during the spring wet season or
after a long period of rain. The normal (not 50 year) flood-
plain stands out vividly on the aerial photo, and areas that
should be checked for surface ponding from runoff can be per-
:eived as areas of relatively dark tone on aerial photos (unless
the area is under heavy forest cover). Likewise drainage
gullys and heavy erosion can also be seen clearly on photos.
The overall drainage pattern and major drainage routes can be
ascertained from the contour map. If the contours are complex,
many in number, or the site very large (as in looking at a town)
it helps to color code each successive 10' or more change in
elevation on a contour sheet. That is, areas between elevation
120' and 130' are colored light yellow, 130'-140' darker yellow,
140'-150' orange, etc. This makes the relative elevations of
the landform stand out much more vividly and hence it becomes
easier to see what ravines drain what area and into what area,
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and to.trace the dividing lines between drainage watersheds.
This information is needed for laying out utilities lines as
well as estimating amount and probable paths of water pollution.
For the site I followed the above procedure; marked areas
of concern on a photo print, and checked them by visiting the
site after periods of rain.
Subsurface water is not quite so straight forward, and
unfortunately is often more crucial in construction and pollution
problems (especially waste disposal). The usual method is to
locate and note the elevation of surface water bodies, and draw
a section of the site including those water bodies. The eleva-
tion of the stream, pond, or whatever is considered the same as
the water table at that point. Because the elevation of the
water table is generally considered to follow the contours of
the ground surface, but with much less steep of a curve than the
ground, the water table is expected to be about like this in
most cases:
. ....
_
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For this site, however, that was not always the case. The
example documented under geology should have a profile looking
like this.
Instead, based on field observations and SCS soils information
its wet season water table looks like this.
Hence care should be used in making rule-of-thumb assumptions
about water tables. This example is a case of a "perched"
water table in which a relatively impermeable layer of soil,
rock, etc. is located between the ground surface and the normal
water table. During periods of extensive runoff water collects
on the top surface of the imperv.Lous layer faster than it can
percolate through to the normal water table below with the
result that it collects and may even pond on the ground surface
(if my assumptions in this case are right).
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Thus the method used to collect subsurface water data is
to examine the water table and drainage characteristics assigned
the site soils by the SCS survey, compare them with field
evidence and the aerial photo evidence (dark tone = high water
table or poor drainage), and draw the appropriate conclusions.
Ideally these conclusions would be further tested by digging
test pits in questionable areas or all chosen construction sites.
This does not give any information about the depth to
"deep" water tables or the patterns of groundwater movement,
etc. The only way to acquire this sort of information is by
consulting local well logs, perhaps even drill a test well,
talking to local well diggers, and even having seismic tests
performed to determine the role of bedrock in determining how
subsurface drainage basins form subsurface watersheds. Although
in this area it is likely they will follow surface patterns
because surface form usually conforms to the relatively shallow
bedrock form, it is possible for there to be ancient valleys
completely filled with glacial debris (thus invisible on the
surface) that direct subsurface flow in unexpected ways. The
result of such a situation could easily be the pollution of a
major water supply by a municiple waste disposal area located
over such an underground basin. Although the topography would
cause one to expect the polluted subsurface drainage to go in
harmless direction away from the water supply, the hidden valley
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causes just the opposite. The town of Wayland recently went to
considerable effort to determine if a proposed dump would cause
such a problem. Knowledge of this sort is also valuable for
deciding if a certain area should be encouraged or prevented
from urban development as extensive urban development will in-
evitably result in pollution of ground water (to a degree
commensurate with density and water pollution control methods,
and waste disposal systems). If the subsurface drainage of
the proposed area drains into important potential water supply
areas, the development should be reconsidered.
I did not get deeply involved in these issues on the site
as I had neither time, expertise, nor resources to investigate
beyond some cursory reading. This, together with questions
relating surface runoff, water pollution, and flood prevention
are, I believe, among the most important issues in current site
analysis methods (and more appropriately town planning as these
issues transgress property bounds and become more critical as
the area and density increase).
On this site the location of the Millis town wells 500'
southeast of the southeast corner of the site raises the above
discussed questions. Discussions with an MIT hydrologist and
soils scientists together with the topography indicate that there
is probably little threat to the water as most of the site is
located considerably downstream by surface drainage from the
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wells and there is no evidence to suspect different subsurface
drainage. Even so it is probably good practice to consider the
southeastern part of the site as a potential threat to the wells.
It should also be noted that the major threat comes from the
other (upstream) side of the wells in the form of a drainage
ditch less than 1000' from the wells. It contains urban runoff
from several industrial plants (who are supposed to use town
sewers for some of their waste water,'but inspection of the
ditch shows otherwise) and an area now being developed into 250
apartment units and a shopping center.
Regarding the issue of collecting runoff data, I was not
able to penetrate farther than qualitative estimates for
particular soil types, and some gross numerical estimates of
maximum increases in runoff due to development for storm
drainage design. I did obtain specific data on the Charles
River and flood prevention through the retention of wetlands
areas from the Army Corps of Engineers. It is clear from that
information that the marshy part of the site is a part of that
flood prevention through the retention of natural wetland
storage program.
The issue of obtaining data on surface water quality is in
about the same status for this project as the above issues. I
obtained some test data for water in the town well and streams
in the vicinity, but not adjacent to the site. Other than gross
64.
qualitative estimates that information is lacking from this study
and would be a useful addition for estimating the environmental
effects on local ecology of specific designs during the evalua-
tion step of this design process. With adequate time water
quality information would not be difficult to obtain even
without seeking an engineer's consultation.
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SOURCES: HYDROLOGY
1. U.S. Geological Survey; subsurface water maps. USGS has
published a very few quadrangle maps of hydrologic
conditions. These are available in Lindgrin Library, MIT.
2. USGS. Summaries of water resources data and river gauging
stations, etc.; in conjunction with the Army Corps of
Engineers the USGS does much water resources research. The
best method is to visit their Boston office and try to
track down the individual responsible for the information
you are after.
3. Army Corps of Engineers, Trapelo Road, Waltham. They are
involved with much water resources work, but much specific
analysis work is given to the USGS to do, and it is likely
you will be referred there. Also much bureaucracy to push
through.
4. Local town offices and local commercial well diggers for
well logs. Also check with nearby homeowners who have wells
and/or septic tanks for the performance of these utilities.
5. Air photos and field reconnaissance, topographic, soils
and surficial maps, etc.
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BIBLIOGRAPHY: HYDROLOGY
Moon, Kenneth A., Municipal Waste Disposal and Ground-Water
Pollution. By far the clearest, most concise summary of
the movement of groundwater and related pollution potentials
that I encountered. A must. Also a very extensive tech-
nical bibliography. Oriented towards the layman and
written for this area specifically.
Longwell, Flint, and Sanders, Physical Geology. This or any
other of the geology texts provides basic background
understanding.
Scientific American, The Biosphere. Background articles on the
"hydrologic cycle."
Koch, Ellis, "Preliminary Hydrogeological Appraisal of Nitrate
in Groundwater and Streams, Southern Nassau County, L.I.,
N.Y." Also "Man's Effect on the Quality of Selected Streams
in Southern Nassau County, L.I., N.Y." Both are technical
papers which give one a good sense of the fact that all
.human development of land at densities greater than purely
rural (and probably even then) do effect major pollution
changes on the hydrology of the particular area that may
last hundreds of years after we're gone, etc.
Leopold, Luna, "Hydrology for Urban Land Planning ". The best
and most specific piece on this subject I've found, but
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requires considerably more raw data on stream flow, runoff
rates, etc., than I have acquired. Also applies more to
larger areas than a 40 acre site, and is sensitive to gross
changes in urban density but not the effect of one project.
Would be interesting and valuable to apply in a town
planning project.
Legrand, H.E., "Patterns of Contaminated Zones of Water in the
Ground." Not very useful. Shows the difficulty of pre-
dicting travel of groundwater pollutants.
Lynch, Site Planning. A few rule of thumb criteria for estimating
runoff for storm drainage and changes resulting from woods
becoming various densities of development.
Chester County, Pa. Water Resources Department and Leopold,
Luna, East Branch of the Brandywine Water Resources Study
and Plan Proposal. Three sections: a technical report of
hydrologic findings published as a USGS Professional Paper,
a "working papers" report, and a land use proposal report.
The first is too technical and specific to be of use; the
last is a glossy public report that only states proposals
without the technical reasons for choosing them. The
working papers I have not been able to find, but believe it
should contain all the reasoning for making decisions in
the Proposal and thus well worth-hunting for.
Linsley, Kohler, and Paulhus, Hydrology for Engineers. Not very
useful and I suspect a poor textbook-. Technical and dry.
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5. ECOLOGY: VEGETATION AND WILDLIFE.
The vegetation and wildlife of the site is largely determined
by the interlocking systems of soils, hydrology and climate.
Wildlife, and especially vegetation, is a sensitive indicator of
water, soil, and microclimate conditions. Properly interpreted
(that really means with much local experience) keen observation
of changes in plant growth quality and species on a site can
reveal a great deal of information about other conditions without
the aid of soil surveys, test pits, etc. Conversely, insensitive
planning and development not only destroys vegetation and soils
outright by removal, but it also may cause unsought changes in
remaining vegetation and its dependent wildlife resulting in-
directly from changes in soil water content and microclimate.
Furthermore it is now widely recognized (but not always considered)
that the wholesale removal of vegetation, especially on steep
slopes or in wetland water storage areas, greatly increases
both the frequency and magnitude of flooding.
Our image of the landscape is largely determined by the
appearance of vegetation on it. If we are to retain the visual
atmosphere of rural New England that both we and our client seek
to preserve, care must be taken not to disrupt vital ecological
relationships that would ultimately disturb highly valued vege-
tation. Likewise, some vegetation is more conducive to human
use as passive recreation areas than others. These too must be
identified and carefully considered.
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It is difficult to put one's money where one's mouth is in
this area. The ecology texts are far too abstract and/or oriented
towards refining scientific sampling and measuring techniques to
be of much direct use. What one seeks as a beginner is a text
that describes the typical ecological associations of this region
as they now exist. Most books describe the climax communities
for very broad areas. But the usual ecological communities in
this area have been altered and realtered so much in the past
300 years that any reference to "natural climax communities" is
absurd. What this boils down to is that the most workable
method of obtaining good information on how the various identi-
fiable species of the site interrelate with other factors is
through the repeated experience of observation and correlation
with known soil/water/microclimate conditions and species
descriptions in books. If available, a good local naturalist or
forester will be of immense help, especially if you have acquired
enough background to ask the right questions (I found that much
time spent talking with professionals was ineffective because I
had not yet acquired enough background to really know specifical-
ly what I wanted of them). Thus because of the local familiarity
I have acquired on this site I could now read much soil/water/
microclimate by observation of site vegetation alone.
The first step is to identify and map the location of all
major tree species and undergrowth occurring over large areas by
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on-site observation and directly from the aerial photo is
possible. The best way to learn to recognize individual species
on the photo is to pick a conspicuous example of the tree to be
identified on the photo and compare the photo image to that tree
on the site. I found no book that was really of much value for
this either because their descriptions and/or drawings were
inadequate or their photo examples were too poorly reproduced to
be of use. In mapping the locations of species one should
indicate the quality of growth and maturity of the trees. This
is in practice difficult to do consistently without spending a
great deal of time on the site because many other factors
influence our impression of quality besides the trees themselves.
Only with great site familiarity does it become possible to
recognize and eliminate those other factors from one's judgment.
If the site is heavily wooded, making sure you have covered the
entire area and have accurately oriented your notes is
another strain on trying to maintain even evaluation of growth.
If the aerial photo was taken in winter, evergreens can be
easily identified and assessed for quality by measuring their
crown diameters. Tree heights can be measured if the exact time
and date the photo was taken are known (ask for this informa-
tion when ordering the photo) by measuring the length of
shadows and using trigonometry (the angle of the sun to the
ground is the hypotoneuse -- also be sure the shadow does not
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fall up or down a steep slope). Trees with very thick trunks,
wide crowns, or very tall can easily be marked and identified
by field inspection. Such trees are also useful to orient
oneself by for note taking on the photo.
One could also set up sampling grids and take rigorous
measurements of trunk diameters, etc. but this seems to time-
consuming for most purposes. At a later stage, all trees in
the vicinity of selected building sites should of course be
measured and accurately marked on a 2' contour sheet.
A good exercise to help learn correlations between vegeta-
tion and other factors is to draw several sections through the
site (exaggerating the contour height by doubling or whatever
"looks" right) and sketch in all the under and overstory vege-
tative growth in schematic fashion from the photo and field
notes, and all the known soil/water conditions. I found that
after I had finally visited the site many times and thus got
familiar both the species and the physiography and other
factors that the ecological pattern fell very neatly into place.
Briefly, the very wet places were occupied by red maples,
with the wettest having spindly, weak bushy growth, and field
specimens occuring on very wet but not swampy sites with good
sun. The next grade in soil water was occupied by beeches
which require twice as much water for transpiration and growth
per year than do oaks, and also can survive coverage of its
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root crown by water for up to two weeks in the winter, though
not at all in summer, and a water table 6-10 inches from the
surface. Their best growth was in the areas of high water
table without ponding that are adjacent to the maple swamp
(their growth gets poorer as they get into areas of frequent
flooding). As the slope gets steeper and/or the trees are
higher up the drainage slope, their growth is poorer and they
are supplanted by better growing white and red oaks. The latter
are thus dominant in areas not characterized by high water tables.
Oaks do occur mixed with the beeches in all but the wettest
locations, especially red oak which is more tolerant of wet
soil than white oak. Finally comes the black and scarlet oaks
which occur on the excessively drained dry gravelly soil. White
pine occupies a variety of conditions, and its presence is often
the result of human cultivation so that it is less useful as an
indicator. It does, however, seem to reach its best growth on
the site in soil of good but not excessive drainage. Its growth
abruptly declines as it approaches the marsh caused high water
table. Birch and aspen occupy very wet locations in recently
abandoned fields, while cherry, plum, and cedar occupy the
slightly drier sites (cedar the driest) with the growth becoming
a thicket as the site gets wetter.
In compiling information on specific species to aid in
later valuations, I took notes on each species from USDA
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Silvics for soils, average age and size, germination, growth and
tolerance characteristics, major diseases, associated species,
and seed crops and wildlife food value.
Wildlife information is very difficult to obtain except in
the grossest qualitative sense and even more difficult to use
except in clear cases of the area being the habitat of rare
species. Easier than attempting to catalogue species is to
identify probable good habitat areas for wide ranges of species.
The ultimate difficulty is that the best wildlife habitats also
often seem to be the best choices for human habitation. (We
too are animals.) Those areas that are not taken over for
construction are likely to be purged of much wildlife (especially
ground dwellers) by pets and wandering human occupants. On the
other hand, some animals and birds thrive around moderate den-
sity human habitations.
The best method to obtain information is through local
naturalists. I tried the Audubon society for either local
records or reference to some knowledgeable individual, but with
no success. The local conservation commission is another good
possible source, but once again drew a blank in this case.
Keeping one's eyes open when in the area is the next best bet,
with camping out on the site being a good idea for this and just
to get a more intimate sense of the site. Through the former
method I've noted the presence of red- fox, woodchuck, and
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ruffed grouse and their habitats (not to mention squirrels,
woodpeckers, etc.). Browsing through mammal guide books can
give a good idea of what is likely to be found, its habitat,
food, and needed range space (which should be given a little
more thought for humans also). Thus I know that the red fox I
saw probably ranges over 1-2 square miles which gives a good
index for estimating the amount of development the entire area
can absorb without pushing out the red fox population.
Likewise the chipmunk's range is about 100 yards and population
density is 2-4 per acre'
The following type areas are especially valuable habitats:
transition areas between different types of growth (called
"ecotones,") especially between open areas and woods, pockets of
dense brush that afford good protective cover and are adjacent
to food supplies, old overgrown walls, areas around water
supplies, and protected routes connecting habitat areas, food
supplies, and water. Brushy abandoned fields are excellent,
especially if they have water. Large open areas with no adja-
cent cover, extremely dense and extensive thickets and open
(but with little underbrush) woods that cover large areas are
not good habitats for most wildlife. (Variety with protection
is the spice of life.)
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SOURCES: ECOLOGY
1. Direct observation.
2. Aerial photos.
3. Local naturalists; local conservation commission may be able
to help.
4. USDA local office; county forester will usually make
appraisals of a property's trees, although it tends to be
oriented towards marketability as timber.
5. Talking with local residents may reveal much about local
wildlife.
BIBLIOGRAPHY: ECOLOGY
Oosting, Henry J., The Study of Plant Communities. Excellent
for background understanding of relationships between plants/
soils/water/climate, and for information on ecological
method sampling techniques. Made clear to me many climatic
factors and measurements I had not understood when reading
Olgyay and other architectural books on climate control.
A must.
Jorgensen, A Guide to New England's Landscape. Good for back-
ground on major New England forest associations and where
to see good examples of them (if they exist at all). Good
bibliography.
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Fowells, H.A., Silvics of Forest Trees of the U.S., Agriculture
Handbook #271. By far the best source on growth charac-
teristics and requirements of trees in forests, although
oriented towards growth for the production of timber.
(Many books describe growth requirements for cultivation
as "shade" trees, etc.) Each tree gets about 10 pages. Does
not describe trees for identification purposes, and it is
still a good idea to cross-reference with other guides.
This book took about 3 days of hunting throughout the MIT
library system to find because it is uncatalogued and
simply thrown in on a shelf with many other USDA "pamphlets"
(this one is 750 pages ) under the call number S21/.A73/
#271 in Hayden Library. (The item number, #271, is used as
a file number for USDA "pamphlets". It may also be ordered
from the Government Printing Office for $8.50 and a 5-6
week wait.) A MUST.
Martin, Zim, and Nelson, American Wildlife and Plants: A Guide
to Wildlife Food Habits. This is also a must, although some
guidebooks also contain such information in less rigorous
form. It can also be a bit of a chore to use and properly
interpret. But it is the only book that serves as a guide
for valuing plant species for wildlife use. (Available in
paperback from Dover.)
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Dame and Brooks, Handbook of the Trees of New England. Though
first published in 1904 this is the best local tree guide I
have found with excellent drawings and thorough, but not too
technical (which Sargent's Trees is), descriptive text, list
of local distribution and abundance by portion of state
(in 1904), and nice description of horticultural value. A
good companion to Silvics. Republished as paperback by
Dover in 1972, and an old copy in Basement of Rotch Library
at MIT. (Lacks drawings of bark and full tree silhouettes,
but so do most others.)
Brockman, Zim, Merrilees, Trees of North America. Handy pocket
guide because of color illustrations with some bark and full
tree illustrations (but not- enough). Text is too brief to
be of much help for difficult and/or winter identifications
(e.g., distinguishing different oak species).
Peterson Field Guide Series: All Peterson Guides listed in
Bibliography are excellent and useful for identification
work. (They are published by the Houghten Mifflin Co.,
Boston.) The two mammals books (Mammals and Animal Tracks)
are useful together as they give a good description of
habitat ranges, populations, nesting and food habits, etc.
The Field Guide to Trees and Shrubs is not listed because
I find its illustrative keys to be nearly impossible to
use.
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The Golden Book Nature Guides (not Field Guides). These are
generally too incomplete to be of much use except perhaps
if you have no background experience at all in nature
identification.
Hunt, C.B., The Geology of Soils. This excellent book has some
good general data on relationship between plants and
groundwater besides the information described in the Soils
bibliography.
Odum, Eugene P., Ecology. This much praised book I found to be
a bore and of little use for this kind of project. Might
be of some use if a rigorous ecological sampling and analysis
is planned. (But this approach has little immediate
practical value for my purposes except as pure research to
set up a comparison base for extended monitoring of a site
as it undergoes and adjusts to development over a long
(25 years) time span, or to compare with another situation.)
The information on energy cycles, food chains, etc. is of
little use to the site planner beyond an understanding of
.the basic principles (which you probably have if you're
interested enough in the subject to have read this thesis).
Odum, Fundamentals of Ecology. Equally irrelevant to this
project as the above book, but contains much more informa-
tion and is infinitely more interesting and useful if you
are interested in the subject. Incredibly extensive
bibliography.
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Gleason, Henry, The Natural Geography of Plants. Interesting
and readable, but of little specific use to this project.
Basically a very broad regional description of climax
communities.
Braun, The Deciduous Forests of Eastern North America. Same
criticism as Gleason.
USDA, Forest Service, Foresters Guide to Aerial Photo Interpre-
tation, Agriculture Handbook #308. Has somewhat useful
tree silhouette drawing for identifying trees by their
shadows. Beyond that is of use only if you are mapping
percentage of coverage and/or timber volume estimates.
Other items in Bibliography were not locatable for review.
The Harvard Forest Bulletin is a good possible source of specific
local information, as might be a visit to the Harvard
Forest and Forestry School in Petersham, Mass.
The Arnold Arboretum is the depository of Harvard's library
material on vegetation (for what is not at the Forestry
School).
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6. CLIMATE.
The application of climate to architectural design and site
planning is the subject of the portion of this thesis by Peter
Stuart, and should be referred to for summaries of basic back-
ground literature and applications. Because of the separation
of our approaches to this area, I have however collected the
basic information to be used in making and evaluating design
decisions, and consulted with him in setting up design criteria,
as well as texts I was previously familiar with.
The first step is to obtain basic statistical data for the
general region and as close to the site as is possible. The
second is to use personal observation, conversations with local
residents, and background understanding of the behavior of micro-
climates to interpret general statistical information for that
site.
The American Institute of Architects' climate studies for
various cities across the country (published by House Beautiful
in 1951) are the best readily available base. The Boston study
is reproduced elsewhere in this thesis. In addition to the
usual average temperature statistics it contains average number
of hours of sunshine, average wind direction and force, etc.,
and simple charts of monthly sun angles and heights at two hour
intervals that eliminate the need to calculate sun angles and
heights by the many time-consuming mathematical methods available
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in other publications. (It of course may be necessary to make
calculations for better accuracy when doing final unit designs.)
It also has a design criteria oriented to single family houses.
The yearly summaries of temperatures and precipitation for the
New England area published by the weather bureau in Boston give
a good indication of current weather trends and comparisons to
other cities. The weather bureau sheet for temperature and
precipitation data taken in Walpole by a volunteer observer
completes the statistical base. The Walpole data is necessary
to get a sense of just how much variation there is of temperature
and precipitation between the Logan airport data and the Millis
area in which Walpole is located. Talking with the owner of
the site and with a weather bureau official about likely
deviations from the Boston norm completed this information.
Basically, the site is several degrees cooler than the
Boston readings the year around because of its greater distance
from the winter moderating influence of the ocean and the "heat
island" of the city. Also the proximity to the marsh area
further lowers the temperature in summer (according to the
weather bureau the marsh itself may even have frosts in the
summer because of the peculiar insulating qualities of the
peat/organic matter soil). Hence the fall and winter seasons
start several weeks earlier (up to a month') and spring comes
later. Correspondingly there is less justification for the
82.
wholesale use of air conditioning in summer and greater need
for utilizing both insulation and solar orientation to reduce
heating needs in winter if one preports the values we are
espousing.
Further refinement of the data would be possible by making
daily on-site readings over a period of time, but that has been
beyond our time allowances. The problems of obtaining consistent
readings that can be reliably measured against Weather Department
data is another difficulty of making direct measurements. It is
questionable whether information thus obtained would be of
significantly greater usefulness to this level of design than
sensitive interpretation of AIA and weather bureau data. When
refining unit designs such information might become more useful.
Personal observation at varying times of day during the
winter also reveal that the winter northwest and northeast storm
winds sweep the open portions of the site, and that the steep
north slope and tree cover in the southern portion can con-
siderably shorten the apparent length of the day in winter.
These, and other microclimatic effects, must be fully considered
in setting up design criteria from the climatic information
base. Thus once again much direct site observation under varying
conditions becomes the most necessary ingredient after sufficient
background has been obtained to know what to observe.
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SOURCES: CLIMATE
1. AIA Climate Studies. These are available in Rotch Library,
MIT.
2. Official weather bureau data summaries for the nearest local
weather station. Call the weather bureau in Boston. Asking
to talk to a meteorologist may give you some useful non-
statistical information. You may also be able to get the
name and address of the nearest local "volunteer" data
collector if you are persistent (e.g. Walpole in my case).
3. Nearby local airports. (I haven't tried them, but should be
useful.)
4. Talking with residents (farmers are of course likely to be
especially knowledgeable in local conditions).
5. Direct observation.
BIBLIOGRAPHY: CLIMATE
Olgyay, Design with Climate. Best overall book available for
attitude and information on methods directly applicable to
design. My major source for arriving at design criteria
values in the next section.
Geiger, The Climate Near the Ground. The basic impossible to
read reference on microclimate from whom all else flows
(including the first section of this thesis).
See Bibliography of P. Stuart for further references.
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7. CULTURAL INFLUENCES AND VISUAL ANALYSIS.
The present "rural New England atmosphere" of the site is
of course tied up with its cultural history (the uses and
influences of man on the site over time) and its visual form
(how the ground form, vegetation and cultural objects -- walls,
buildings, etc. -- shape our visual impression of the site). If
the preservation of this atmosphere is to be considered as a
design criteria, the key elements of cultural impact and visual
form should be documented.
In this case the use of the land by its various owners
since being settled in 1659 is relevant information, and the best
way to obtain it is by reading whatever historical data is
available at the town historical society, talking with older
lifelong residents (I found that the red maple swamp was pasture
land fifty years ago) and looking at old maps and aerial photos
that were taken at some time ago. As its usage over the past
fifty years (even more the past 20) is most relevant to its
current appearance, I spent little time on historical society
research. Of most importance is the knowledge that its timber
was "thinned" twenty years ago. That thinning was responsible
for the present quality and pattern of growth in some areas, and
not knowing it would have made more difficult my analysis of
vegetation as indicators. observation also helps; the presence
of some very large, old white oaks was a sure indication of
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previous field extent. Currently, three fields are still used
to grow hay, and the remainder are in various states of abandon-
ment, and thus undergoing rapid vegetative change. Looking at
aerial photographs taken in 1952, 1964 and 1970 reveal considerable
tree growth in what had been open areas, as well as a progression
of new houses. I located photos taken in 1938 at the SCS office
in Acton, but never got time to look at it.
Most of this information remains as mental background in-
formation to be recalled when needed in making value decisions.
Some, such as the location of the "Millis Oak" were marked on
photos. Other data that was mapped were stone walls, roads and
paths and property lines for surrounding property. The latter
is important as an indicator of future probable changes that
should be considered (e.g. large developable parcels) in
designing the site. Finally, I have noticed that the major
source of actual pollution to the site is the smell of asphalt
wafting over the southern part of the site when the wind blows
from the south. Its source is the Millis GAF plant 2500' south
of the site. Gravel pits are a threat of noisy truck traffic
if they are made into a gravel processing plant, and the pro-
posed county road could bring through traffic closer to the site
if it's built and is used as a by-pass of central Millis.
The relevant issues in noting visual form are to observe
how the topography itself limits view and defines spaces, how
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stone walls and vegetation edges do likewise, and to what extent
the density of vegetation limits visibility through the woods on
the site and into the neighboring properties in different
seasons. In noting the visual density of vegetation one should
consider the upper storey and lower growth separately. Taking
care to preserve dense lower storey growth can provide screening
for parking, and private outdoor spaces as well as wildlife
cover. Many developers clear them out to make the woods look
"clean" and bugfree and thus lose a potential resource. The
effect of the density and type of vegetation on the quality of
light filtering through should also be noted.
I started by measuring the distance I could see to from a
number of points around the site and recorded this by drawing
lines radiating from each point to the limits of visibility. A
dashed line was used instead of a solid one when foliage provided
only light screening. Barriers were drawn as wavy lines. All
this was done on an aerial photo while there were still a few
leaves on in the fall. (It was the first thing I did for this
project.) The usual limit was about 100' in oak and beech woods,
and a wider range in evergreens depending on underbrush. In
the winter, of course, this greatly increased. I also marked
viewpoints that particularly drew my attention and their
orientation.
87.
My next step was to take photographs of the major open
spaces and of the general character of the woods, and to mark
where they had been taken. In the major open space, the
"L-shaped field," I took a 360 degree multiple exposure panorama
(using a tripod and small level on the camera so that vertical
lines on overlapping photographs would line up). I took another
panorama of the vista from the owner's house (not on the site) to
record the quality of the surrounding area. Most of the photos
show what was there but do not convey the sense of the space and
topography. Steep slopes look almost flat. In retrospect this
is a matter of perspective; to record on film the "feeling" we
perceive of steepness requires that the photographer consciously
try to exaggerate the appearance of steepness. The best way
seems to be to photograph slopes looking along the contours
(like a section of them) rather than looking at them from the
top of bottom (as in an elevation). Careful selection of the
focal length of lens used also helps, but no rules apply there;
use whatever works best without excessively distorting the view.
Visual analysis is a process that continues each time I
visit the site, and is not really complete because I have not
been there in summer with all the leaves out, and when I did
analyse it during the fall I had very little familiarity with it.
I have formed opinions of which areas contribute most to the
overall feeling of the site, but this is a matter of values
and belongs in the next section.
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SOURCES: CULTURAL AND VISUAL ANALYSIS
1. Local historical society; town histories, old maps, etc.
2. Long time area residents.
3. Aerial photographs taken at different times.
4. Observation.
5. Town assessors office for property boundary maps.
BIBLIOGRAPHY: CULTURAL AND VISUAL ANALYSIS
Lynch, Site Planning. Useful. Chapter 9 on "sensuous form"
helpful in a general way. The general method in The Image
of the City by Lynch could also be applied to visual
analysis of natural forms.
Richen, Development of an Operational Method of Site Analysis.
Chapter 4 on "Man-made Factors" is helpful in suggesting
some ways to get at these rather amorphous analysis problems.
Hubbard, Henry V., and Theodora Kimball, An Introduction to the
Study of Landscape Design, Hubbard Educational Trust,
Boston, 1967 (through MIT Press). A classic from 1917 that
presents the classic "picturesque" tradition and its
defining visual forms. Useful to help understand how
natural visual forms shape and color space.
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II. INTERPRETING SITE INFORMATION TO DESIGN CRITERIA;
MAPS AND VALUES
The process of interpreting raw site information to form
design criteria for site planning involves two basic steps.
The first is presenting basic resource information as an abstrac-
tion of actual site conditions (without introducing values as
far as possible) as a base for valuation of the conditions by
both one's self and other actors who may perceive different
values and thus different interpretations of the base into
design criteria. It is an exercise in condensation to essential
information, and mapping for clear communication to both pro-
fessional and layman. The second step is the valuation of the
various site conditions to form design criteria. It involves
two quite separate techniques; a) mapping broad locational
limitations of the site by a series of- transparent overlays;
b) assigning numerical values on a scale of 1-5 to a series of
perceived design alternatives which thus become design criteria.
The latter criteria are used again in evaluating completed design
schemes in terms of percentages of total units meeting each
valued criteria, or ratio of length of road, sq. ft. of pavement
to one unit, etc. Some can be converted to dollar and/or
environmental impact costs. This valuation system does not
generate an overall value score for a scheme; it is meant only
to compare the extent that alternative schemes satisfy each
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specific criteria. (It would be possible to assign a relative
importance factor to each criteria set so that the individual
scores could be averaged into an overall rating. To do this
requires much more sophisticated and practical understanding of
the relative importance of each criteria than I have; the results
would be misleading at best.)
My first step was to sift through all my rough field notes,
maps, and mental notes to determine what information I con-
sidered essential to an understanding of the existing site
conditions. I decided that the information that should be mapped
was slope, soil composition, surface and groundwater, vegetation,
and sunpath and wind. The contour map with buildings, paths,
walls, and property lines would be used as a base map. I also
wanted to show visual form and density as a map, but was unable
to generate any graphics that I felt worked. I decided that the
aerial photo would have to suffice for that. Sunpath and wind
were done as a circular chart that could be oriented by compass
points as an overlay at any particular location on the other maps.
It would thus be a tool rather than a direct mapping of shadows
and areas susceptible to wind. The relevant soil information
contained in the SCS soil types map breaks down into qualities
related to texture and composition, and qualities related to
water content and drainage (the SCS classification system is
based on the interface of the above qualities); hence I decided
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to show the former as the soils map, and the latter on the map
for water conditions.
So that the interface between soil composition, water and
vegetation would be clear, these were mapped as separate trans-
parent overlays with each overlay a different color to insure
readability. Each map could be used separately to isolate
specific factors, or together to show interrelationships. The
slope map, done on a contour sheet, could also be used as a
base. A pictoral graphic system was devised so that inherent
qualities of the factors being mapped would be easily communicated
to laymen (the site owner, town officials, financiers, etc.)
who would be participating in the process, probably with different
interests and values from my own. The necessity to reproduce
the maps in black and white also influenced the choice of graphics,
as the symbols must read without the aid of color.
Although I feel that all this information should be clearly
mapped in a "valueless" form by anyone trying to use natural
resources in the manner I am, the lengths to which one goes in
setting up an elaborate graphics system should be determined by
the needs of the specific problem rather than the model I have
put forth; if the process is to be purely internal to the
designer, careful use of magic markers on photos or base maps
may be sufficient for this step. All that really matters is
that the factors be shown clearly in a manner that shows both
their interrelationships and individual characteristics.
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A Note on Technique
Matte acetate was chosen as the drawing surface because it
is considerably easier to work on than clear acetate, is much
cheaper and also easier to work on than "treated" acetate, and
yet almost as transparent. If kept free of dirt and greasy
fingerprints by frequent cleaning with rubber cement thinner, it
takes ink and good quality water-based pigments well; the latter
was used in a rapidograph to do these. Erasures of ink and
water-color can be made with a damp cloth while cleaning with
thinner will usually not affect them. A few drops of "no-crawl"
or "flex-opaque" sometimes helps. Matte acetate also takes
"permanent" magic marker and color pencils well without beading,
although the marker will be removed by thinner instead of water.
Water-based markers do not work very well. All ink and water-
pigment drawing done on this stuff is susceptible to being easily
scratched off until it is sprayed with a matte spray or fixative
for protection. When using sprays be sure to experiment first for
its effects and to see if you can still work on the sprayed
surface.
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MAP KEYS
1. SLOr7E MAP:
L
EUILLLIE
0-3% SLOPE (rise of 0'-3' overrun of 100')
(0* -l 42')
This is considered flat land. A slope of 1-0%
is a negative factor because of poor drainage.
4-8% SLOPE (4'-8' in 100') (l"42'-4*35')
Perceived as a gentle slope not limiting to
most activities and construction.
9-15% SLOPE (9'-15' in 100') (4 35'-8*32')
Perceived as a definite slope. Requires some
effort to climb as it approaches 15%. Begins
to affect construction costs. About 10% more
winter radiation than on level slopes for south
facing slopes, 10% less for north facing.
Erosion a problem when there is no vegetation.
16%-25% SLOPE (16'-25' in 100') (8*32'-14*)
Perceived as moderately steep requiring definite
effort in climbing. Definite increase in
foundation costs. 20% more winter radiation
from sun on south slopes, 20% less on north
slopes. (From Olgyay, Design with Climate.)
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Roads must run with slope rather than up it
as maximum slope for road is about 10%. Maxi-
mum grade for mowed laws is 25%.
OVER 25% SLOPE (over 14 , 20%=16*42', 50%=26 34')
Steep slope. Too steep for construction or
roads except under unusual circumstances because
of cost. Erosion potential is very high,
especially without vegetation. North facing
slopes become critical in cutting out winter
sun (dense trees can aggravate winter sun
problems).
2. SOILS MAP:
SAND
Soils with largely sand subsoils, developed in
deep waterlaid deposits of sand.
SCS classifications: Windsor loamy sand.
Soil is droughty (excessively drained) which
indicates potential septic tank pollution of
shallow groundwater due to too rapid perco-
lation of water beyond zone of aeration. Also
difficulties in maintaining landscape growth.
Permeability: > 6.3
Available water capacity: 4 0.04
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S - .- SAND - GRAVEL
Soils with sandy, gravely subsoils developed
in deep deposits of water-laid stratified sand
and gravel.
SCS classifications: Hinckley gravelly sandy
loams, Sudbury Fine Sandy Loam, Walpole Fine
Sandy Loam. The latter two have seasonal high
and very high water tables, respectively, and
can be located thusly in the interface with the
water map. Drainage is moderately rapid to
rapid in upper layers of Sudbury and Walpole,
droughty in Hinckley and throughout lower
deposits of all three when not disturbed by
high water table. Sudbury and Walpole may
contain over 10% silt. Hinckley contains
many cobbles.
Permeability: 6.3 except 2.0-6.3 for upper
Sudbury and Walpole.
Available water capacity: 0.04, higher for
upper Sudbury and Walpole.
Unified Class: SW, SP, SM, GW, GP, GM
AASHO: Al, A2
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HARDPAN
Soils developed in glacial till and likely to
have a layer of hardpan within several feet
of surface.
SCS classification: Gloucester fine sandy loam,
and Acton fine sandy loam. Hardpan often makes
soil too wet for septic tanks to work properly,
and urban runoff would probably require arti-
ficial drainage. Subsoil is sandy loam becoming
sandier with increased depth. Drainage is
moderately rapid to rapid except when impaded
by hardpan of slow permeability.
Permeability: 2.0-6.3+
Available water capacity: 0.04-0.09
Unified Class: SM.
ASSHO: A-2
PEAT
At least 2 ' deep organic deposits of peat or
much above sands and gravel. Water table is
at or near surface most of year, and is diffi-
cult to fill. Suitable primariI-T-for water
storage to moderate effect of storm runoff and
thus reduce flooding danger. With increased
urbanization this role becomes more critical
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3. SURFACE AND
because of increased surrounding surface runoff
that must be held for gradual release to
Charles River system.
GROUNDWATER MAP:
DEEP WATER TABLE
Water table is well below surface of soil for
entire year. Drainage is rapid and soils will
be quite dry during the summer. There is no
surface water.
1-2 FEET FROM SURFACE
High water table in soil l'-2' below surface
4-5 months of the year (winter-spring). Little
surface ponding. Can cause septic field
failure and difficulties in draning excavations,
wet basements. Good water retention for crops.
The reason for this water table is not clear;
causes could be some silt in basically sand and
gravel soil, relative flatness of slope (2-3%),
or glacial till hardpan 5'-10' from surface.
(See Geology section for discussion of this.)
7%00%
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SURFACE PONDING
Surface ponding and high water table at or
near surface 7-9 months of year. Same prob-
lems as above, only more so. May be too wet
for some crops unless drained.
FLOODED SEASONALLY
Very high water table at or near the surface
most of the year and frequently inundated much
of wet season. Receives runoff from surrounding
areas. Difficult to drain.
FLOODED YEAR ROUND
Area flooded much of year, but little open
water. This is a more severe case of the
previous designation.
PEPDvANENT SURFACE WATER
Open water during entire year; stream or pond.
In this case the Bogowstow River.
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DRAINAGE ROUTES:
DRY
Drainage route for small watershed, but usually
no freely flowing water. Likely to carry open
water if runoff to it from watershed is
increased. (Either watershed is very small
or soil absorbs most runoff because of high
permeability.)
SEASONAL FLOW
Drainage route for small watershed with freely
flowing water during periods of high runoff
(winter and spring).
SMALL STREAM
Drainage channel for large watershed; considerable
flowing water much of year, but may become dry
in summer.
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4. VEGETATION
BEECH: SOILS: prefers most loam, rocky.
WATER: high water table up to 6-10 " from
surface. Uses 10" water per year for
AVERAGE
transpiration and growth.
SIZE: large; second only to old specimen white
oaks on site.
GOOD
AGE: long-lived, up to 400 years.
ROOTS: shallow spreading, fibrous system, but
deeper in dry sites.
TOLERANCE: very tolerant (most tolerant of
site trees) of shade; tolerates up
to 2 weeks coverage of root crown
by water in winter, but not in
summer.
GROWTH: moderately fast with good conditions.
DISEASES: generally pest free and hardy, but
defoliated by gypsy moth and tent
caterpillar; also beech scale.
SEEDS: good crops every 2-3 years when tree
reaches 60 years; seeds fall after
first frost.
WILDLIFE FOOD VALUE: high, although not as
dominate as oaks; especially important
101.
to squirrels and chipmunks, ruffed grouse,
and tufted titmouse.
Several locations on site where dense, scrubby
beech growth forms understory to red oak
overstory.
WHITE PINE: SOILS: best on well-drained sandy soils,
but grows on most soils as long
as hardwood competition is slight.
WATER: well-drained sites best.
SIZE: large.
AGE: long-lived, average is 200 years.
ROOTS: 3-5 large roots spread outwards, then
AVERAGE down.
TOLERANCE: fair; other trees on site (oaks)
will overtop.
GOOD
GROWTH: early growth slow; then rapid; needs
sun and little competition.
DISEASES: white-pine blisterrot.
SEEDS: good seed only every 3-5 years, but
crops large.
WILDLIFE FOOD VALUE: very high, especially to
songbirds during fall and winter; also
valuable as cover, especially when small.
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Site contains come excellent stands that are
good sites for passive recreation. Trees also
make good windbreaks.
Needs forest management to succeed itself on
six current sites.
OAK: SOILS: deep, well drained loamy soils; also
sand and gravel if not too dry and
shallow.
WATER: well drained; neither excessively dry
AVERAGE nor wet.
SIZE: large, especially old field specimens.
AGE: long-lived, 100-200 years, some to 600.
ROOTS: taproot and a few laterals.
GOOD
TOLERANCE: intermediate, less tolerant to
shade with age; needs full sun at
least part of day.
GROWTH: early growth slow, later growth same
as other associated trees.
SEEDS: large good crops 50-200 year old trees
irregularly at 4-10 year intervals;
drop in October; 16" tree produce 700
acorns, 24", 2000.
WILDLIFE FOOD VALUE: very high especially
during winter; sought above other site
oaks because acorns are sweet rather than
bitter.
WHITI
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NORTHERN RED OAK:
AVERAGE
Also useful for winter cover. Especially
valuable to raccoons, squirrels, chipmunks and
white footed mouse; also grackle, bluejay,
nuthatch, towhee, tufted titmouse, red-bellied
and red-headed woodpeckers.
SOILS: best on fine clay loams.
WATER: prefers high water table but not wetlands.
SIZE: large.
AGE: not found.
ROOTS: taproot and few laterals.
TOLERANCE: moderate; less than white oak and
beech, more than black and scarlet
oaks.
GROWTH: rapid, able to overtop associates.
GOOD
DISEASES: oakwilt, gypsy moth defoliation.
SEEDS: good crops every 2-5 years; 2 years to
ripen; 16" tree produce 800, 20", 1600.
WILDLIFE FOOD VALUE: very high but slightly
less than white oak because acorns are
bitter; see white oak for species.
These are mapped together because they grow in
similar conditions as associates on this site.
It is likely that in some moist hollows the
dominate oaks will eventually be replaced by
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what are now dense, bushy understories of
beech. The very large white oak in the L-
shaped field is the "Millis Oak."
BLACK AND SCARLET
BLACK OAK:
AVERAGE
GOOD
OAKS:
SOILS: dry sandy and rocky ridges and upper
slopes.
WATER: dry.
SIZE: medium.
AGE: medium, Irature at 100 years, maximum
150-200.
ROOTS: taproot and a few laterals.
TOLERANCE: intermediate to poor; cannot exist
overtopped and does not succeed
itself.
GROWTH: rapid outgrows other oaks.
DISEASES: oakwilt.
SEEDS: good crops every 2-3 years; 2 years to
ripen, best production 40-75 years..
WILDLIFE FOOD VALUE: bitter; otherwise see
white oak.
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SCARLET OAK: SOILS: poorer and lighter soils; upper slopes
and ridges.
WATER: dry.
SIZE: medium.
AGE: not found.
AVERAGE
ROOTS: taproot and some laterals.
TOLERANCE: poor.
GROWTH: rapid on poor sites.
GOOD
DISEASES: oakwilt.
SEEDS: good crop every 5 years; 2 years to
mature; drops in late fall.
WILDLIFE FOOD VALUE: bitter, see white oak.
RED MAPLE: SOILS: wide variety; best on moderately
drained moist sites; common in swamps.
WATER: very wet.
SIZE: medium, but small in swamps.
AGE: short to medium.
AVERAGE
ROOTS: fibrous.
TOLERANCE: good.
GROWTH: rapid early growth; later slower.
GOOD
DISEASES: very susceptible to many insects.
SEEDS: good crops every year; drops in spring.
i
106.
WILDLIFE FOOD VALUE: fairly important to
several species; deer browse in
winter, seeds and buds in spring by
chipmunks and squirrels and all
grosbeaks.
There are some large sugar maples around the Powel barn which
were mapped with this symbol. Because maples are among the first
trees to bud in spring they often stand out on aerial photos.
There are some excellent field specimen red maples along the
L-shaped field boundaries.
BIRCH, POPLAR, ASPEN, ALDERS:
All are short-lived brushy or small trees
that grow on moist sites, especially along
stream channels. They have moderate wildlife
value as food for some species; especially
ruffed grouse, redpoll and pine sisken, and
as growse for deer, porcupine. Their seeds
are produced in spring. They have high values
as cover, especially because they grow on
field borders and along moving water.
BRUSH:
Areas of scrubby understory in wooded areas;
often beech growing below oak in moist locations
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on site, or areas of poor scrubby second
growth following forest "thinning" 20 years
ago. In open abandoned fields brush is
usually scrubby choe cherry, wild plum,
shadbush and a few cedars. The density of
the brush is proportional to the moisture of
the site and the time since abandonment. There
are some areas on the site that are difficult
to penetrate. Pin and choke cherry, the
dominant brush, is very important to a wide
variety of birds (especially pheasant, ruffed
grouse, and many songbirds) and many small
mammals, both as food in summer and fall and
as cover.
BOG;
Damp, mossy woodland areas often under water;
often much algae and stagnant water. Can be
important in food chains.
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MARSH GRASS:
Various water growing grasses, rushes, etc.
Generally open areas with some surface water
most of the year except perhaps summer.
Wildlife value varies with species of grass,
which were not identified. Much of tis area
on the site was once drained as pasture.
GRASS AND PASTURE:
, ',Most of the site fields are used by a
' ' neighboring farmer to grow hay. Wildlife
value is highest at edges.
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CONTRASTING VALUES: DEVELOPER AND ECOLOGIST
One goal of this thesis is to produce one site plan that
reflects the ecologically minded values expressed in the thesis
proposal, and another that reflects the values of a "typical"
developer. It is then hoped that comparing the two will aid in
creating a plan that mediates between the two extremes, to
satisfy ecological goals as much as possible and still be
feasable as a real world development. Thus two sets of design
criteria must be developed; one reflecting the ecologist's
values and the other a developer.
To better understand the "developer's " values I visited
several new apartment/townhouse projects in the Millis area, and
the condominium project of Nagog Woods in Acton. Examination
of the plans and marketing brochures of Nagog Woods and "Stony-
brook Village" in Millis reveal that both developers are applying
similar values to their projects, but aiming at entirely different
markets. One's initial impression is that Nagog Woods places a
relatively high value on "architectural quality" and aesthetics,
while Stonybrook ignores "architecture" in favor of plastic
taste. But looking beyond the use of fashionable forms one sees
that the site was laid out to utilize the maximum allowed density
and meet the town's rcad and sewer requirements with no concern
for orientation of units to climate, privacy, or even roads
and parking (beyond maximum distance people will walk from their
cars). The construction and finishing details are sufficient
11O
%8TONEY 'BROOK
%STONBY ~BROOK 'VILLAGE
'VILLAGE
WMillicston 'Road
Route 109
Wil11es, Wac8.
A glance at this aerial view of 'Stoney Brook V;ilage' illustrates the careful consideration
given to the complete privacy and convenience of each unit. Accessibility to parking and
recreational facilities is most satisfactory. Beautifully landscaped grounds and tree-shaded
For those people who like to be near everything yet still desire the privacy, peace and walks afford pleasant, peaceful strolling.
tranquility of carefree country living; Stoney Brook Village has been designed with you in
mind. It's just 8 miles to Route 128, minutes to the Mass. Pike and convenient to downtown
Boston. Commuting to the Route 128 area is only 10 minutes away.
Sliding glass doors open onto private balconies affording each apartment a panoramic view of
the rolling hillside. A large, inviting patio surrounds an oversized swimming pool located in
the center of the beautifully landscaped grounds. Tennis courts are available for your recreation.
t~ * ~ b5~ 2 9
Prime concern was given to every aspect of comfort and convenience; yielding only in areas 21
where safety dictated. To this end, special Tot Areas have been set aside and vehicle parking ie
has been relegated to areas of the village which provide the utmost convenience to residents. -
Plush wall-to-wall shag carpeting cushions your step from the front door throughout your
apartment; here even the walls and floors have been made sound-resistant for your ultimate ?
privacy. )0
Modern cabinet kitchens, complete with refrigerator, electric range, self-cleaning oven, disposal r
and dishwasher in all apartments adjoin a spacious air-conditioned, formal dining area with"M
access to the oversized balcony for dining on the terrace when the mood prevails.
Completing the "L" with an accent on "Living" is a luxuriously appointed living room. Air- 0
conditioned for your complete entertainment and relaxing pleasure, this room is devised to
readily accommodate and enhance your finest furnishings.
These Other Features
Add To Your Living Comfort
And Convenience:
Electric lighting and heat included in rent
Self-cleaning ovens
Separate thermostats for each room
Plenty of spacious closets
Oversize storage areas
Laundry rooms in each building
Intercom to each apartment and self-locking security system
Churches and Synagogues near by. Short walk to school
Adjacent to shopping center
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Tennis courts
Beautiful swimming pool and patio
Shag wall-to-wall carpeting
Air-conditioning
Balconies
Dishwashers in all apartments
Disposals
Harvest gold color kitchens
Master TV antenna system (UHF-VHF)
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ONE BEDROOM TWO BEDROOM
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but sloppy. Interior layouts are often awkward; two entrances
to the kitchen from the same room, but no door that closes;
installing a light tract across a skylight; clerestories with
no windows and awkwardly handled slanted ceilings; poorly placed
storage space; etc. They have had to drop one unit entirely,
and are now redesigning units and site plan for their next
phase with a new architect because the old units had roofs that
drained into valleys over party walls (and leaked).
In spite of marketing that stresses ecological concerns
they have built on a flood plain. The model area shows efforts
to preserve trees and informal landscaping, but the areas under
construction do not. In short, the developer has only tried to
produce an image of architectural forms that will sell units to
his market, fill the allowed density and satisfy town require-
ments. This is exactly what the builder's of Stonybrook are
doing in relation to their market. It too supplies a market
image that evokes a style of life (for swinging singles and
young marrieds as opposed to young executives on the make) and
ignores the relevant issues, though a bit more blatantly. It
utilizes double loaded corridors because it is offering a much
lower priced product and cannot afford Nagog Wood's window
dressings of unit articulation by corner jogs and shed roof, and
its market will accept double loaded corridors when air con-
ditioned. I did not see evidence of the construction being
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insufficient (I did in a neighboring project that had 2 x 10s
spanning 14' and lots of floor deflection as a result). The
buildings are physically linked together because the town
required a "single building" on the lot if it was not to come
under the subdivision control laws.
In short, both projects show a lack of careful thought in
considering both details and layout and environmental issues, but
do satisfy legal obligations and do the minimum necessary to
obtain market acceptance. Neither of them appears to be con-
sciously trying to cheat anyone with a sub-standard product.
Both are generally aware of their shortcomings but not concerned
as long as the project sells. There are neighboring developers
producing lower quality in all respects. The developer using
undersized joists is also building duplexes near our site on
very wet soil with septic systems that are bound to fail and
have already had severe water problems in the basements (they
are being pumped constantly). Likewise, there are other devel-
opers who do show strong concern for the issues I am addressing
and are trying to deal with them to the extent that real world
constraints will allow.
Thus the model I am choosing constitutes a sort of middle
ground professional developer. He will do his site analysis
primarily on the basis of cost and town requirements with a
secondary concern for siting to enhance his market image. Thus
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he might do his initial plan avoiding construction on slopes
and areas of very high water that would affect his construction
costs. He would then redo the plan based on extensive grading
of slopes that could readily be altered, and filling of high
water areas that promised higher unit counts commensurate with
costs. Comparison aEthe two plans to determine if the site
modifications would increase the profitability of the project
would determine the final plan. This is the procedure I will
use to illustrate the developer's values, but I will omit the
financial analysis because my lack of expertise would render
it inconclusive.
To keep the evaluation simple and readily comparible to
the plan based on ecological values, the developer's plan is
based on a repeatable bay size of 24' x 36' that is convertable
into either one town house unit, 2-3 vertical entry apartments
(depending on height and unit size), or three units on one side
of a double loaded corridor building. Reference- to the number
of units in a plan is to the number of ground floor bays rather
than the total number of apartments unless otherwise noted. The
same method is used in the ecological plan except that the bay
size is changed to reflect the needs of natural ventilation as
discussed by P. Stuart. The only assumptions made about
interior plan are that the unit has two party walls and two
exterior exposures (one if on a double loaded corridor), and
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that one exterior area is probably devoted to living area and
the other to service, sleeping, etc.
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CRITERIA FOR LOCATIONAL MAPS
The first issue in setting up design criteria is to
determine which criteria should be mapped as degree of limita-
tion for construction and which should be expressed verbally
as a chart. The next question is how should the criteria be
graded to facilitate their use, comparison and evaluation.
The considerations for deciding what criteria should be
mapped are:
1. Does it value static site conditions rather than conditions
that are variable depending on the location of other design
elements, or the variable manipulation of the design element
being considered?
2. Does it indicate grossly locational limitations instead of
limitations of a fine grain that must be measured for each
application (such as the extent trees and slope may shorten
the length of the winter day)?
3. Is the criteria approximately equally important as a design
determinate as the other criteria selected for mapping?
(Susceptability to winter wind fits the requirements of 1 and 2
but can be easily corrected by careful design, while the degree
of slope is not readily alterable without substantial economic
and environmental costs.
One further limitation on locational mapping is the limita-
tions of the mapping system being used. How many maps can be
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overlayed before the interface between factors is obscured by
the opacity of the material being used? The system selected
after a process of trial and error was to use a series of Zip-
A-Tone screens that read as a progressive gradation of gray
tones as the number of lines (not dots) per inch increased from
12 to 56 (12, 24, 40, 56). These were applied to matte acetate.
The maximum number of overlays that will work both because of
the interaction of the lines and the opacity of the acetate is
four. The use of a line system was determined by the need for
graphics that would reproduce inexpensively in the thesis without
"falling apart". Were reproduction not a factor, using contin-
uous tone transparent sheets of grey Zip-A-Tone on clear acetate
would probably allow a greater number of overlays. It is also
possible to map related sets of values and then make composite
sheets from their interface. The Composites are then combined
for the final set of four. This method introduces complications
that I did not have time to deal with, so I kept to four single
overlays and relegated less important mappable criteria to
chart form.
I decided to grade alternatives on a scale of 1-5, 5 being
fully compatable with construction or satisfying the design
criteria, and 1 being very incompatable or unsatisfactory. Five
gradations allows more subtlety than the often used three of
bad, fair, and good, while not being so fine-grained that
119.
consistent application becomes impossible. Five grades also
fits the maximum number of gray tones that will read on the maps.
In applying the grades I have decided that there are occasionally
splits in the degree of limitation a specific number or tone has
on parking and roads as opposed to unit construction. Both the
economic and environmental costs are less in siting a road
across damp ground than a group of housing unit. This will be
discussed under the relevant criteria. The organization of the
system is as follows:
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DEGREE SATISFIES
DES IGN
CRITERIA
LOCATIONAL
LIMITATIONS
0 lines/inch
12 lines/inch
24 lines/inch
40 lines/inch
56 lines/inch
5 best
fairly good
fair design
poor design
unacceptable
very bad
no limitations
slight limitations
moderate limitations
area should be used
only if other con-
siderations justify
severe limitations
should not be used
very severe; an
absolute no
MAPPING VALUE #
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The criteria selected to be mapped were degree of slope,
the orientation of slope in relation to winter sun, height of
water table, and quality of vegetation.
ECOLOGIST: DEGREE OF SLOPE.
LIIIZJ UNDER 15%
These have no limitations for building. Although
there are slightly higher cost factors and
erosion risks in building on 8-15% slopes,
winter solar gains offset them on southerly
oriented slopes. The interface with the ori-
entation map eliminates less desirable slopes
from consideration. There are also potential
wind protection and aesthetic gains for build-
ing on these slopes.
15-25% SLOPES
These have moderate limitations for units and
roads. The problems of building on these
slopes can be offset if the benefits discussed
above and in other criteria are high enough.
Otherwise they should be left in a natural
state.
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DEVELOPER: DEG
OVER 25% SLOPES
These have severe limitations for all uses that
are not likely to be offset by other considera-
tions. A very short, steep slope (say a 5'
rise) that could obviously be easily modified
to conform to surrounding topography could be
ignored if there are no other constraints on
its use.
REE OF SLOPE.
UNDER 8% SLOPES
These slopes present no limitations to the
developer.
9-15% SLOPES
These present a moderate degree of limitation
to the developer for units because of higher
construction costs. He is not concerned with
the tradeoffs the ecologist considers for
building on slopes. For roads and small park-
ing areas he would consider this limitation as
#4 because the problems of road grading are
not as great as for buildings, and the need to
run roads over such areas for short stretches
is probably high.
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ECOLOGIST: ORIENTATION OF SLOPE TO SUN.
ALL SLOPES FACING EAST THROUGH SOUTH TO WEST
AND LEVEL GROUND SLOPES UNDER 8% FACING NORTH-
EAST AND NORTHWEST TO WEST
These have no limitation because of unfavorable
orientation to winter sun. On a different site
with better overall orientation level ground
and E-SE, W-SW slopes would be graded 4 to make
southern slopes more desirable. Buildable south
slopes SE-SW receive 10-20% more BTU's in winter
than level groupd, and are therefore desirable
despite building costs.
OVER 15% SLOPES
These are considered severe limitations for
units and roads because of economic costs.
The developer may consider bulldozing flat any
areas of prohibitive slope where this is easily
possible and the higher economic return from
increased unit counts or other economic trade-
off warrants it. Clearly this is difficult on
extended steep slopes such as the rear of the
site.
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NE-E AND NW-W FACING SLOPES OVER 8%
NE-N-NW FACING SLOPES 3-8%
These slopes have moderate limitations for units
because of slightly decreased BTU's from winter
sun, and on this site are usually extensions of
longer steeper north slopes and thus subject
to shortened winter daylight. They have no
limitations for roads.
NE-N-NW SLOPES OVER 8%
These slopes have severe limitations for units
because they receive 10-20% less BTU's from sun
in winter as level slopes. Spring comes
several weeks later than on level ground. They
have no limitations for roads. The benefits of
observing these limitations are both long term
economic in avoiding sites that require more
heating and provide less opportunity to utilize
sun oriented windows for heating and also
psychological in that shorter daylight hours
and longer winters are depressing.
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DEVELOPER: ORIENTATION OF SLOPE TO SUN.
The developer does not comsider this as design
criteria as it has no economic gain for him and
his consumers are not very sensitive to this
factor.
ECOLOGIST: HEIGHT OF WATER TABLE.
NO HIGH WATER TABLE
This is obviously most desirable and presents
no limitations.
SEASONAL 'HIGH WATER TABLE 1 -2' FROM SURFACE
This presents moderate limitations for units,
slight limitations for roads, severe limitation
for sewerage disposal and urban runoff control.
These limitations are economic in that they
require higher construction costs to properly
correct, and ecological in that the consequences
of correction disturb the natural drainage
system and if not corrected, threatens its
pollution from '.eeching field failure.
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SEASONAL VERY HIGH WATER TABLE AND PONDING
AREA BETWEEN 125' CONTOUR AND NORMAL HIGH WATER
IN MARSH (FLOOD PLAIN ZONING)
ALL WATERSHED DRAINAGE CHANNELS
Severe limitations for units and sewerage,
mQderate for short stretches of road or parking.
Same reasons as above, only stronger. Although
I do not believe the 50 year flood plair is as
high as the 125' contour (121' seems more likely)
I agree with the zoning in principle. Also
encroachment in that area heightens the likeli-
hood of surface water pollution in the marsh,
giltation, etc., and the entire area does have
-2' seasonal water table. Drainage channels
present severe limitations for all uses other
than a road crossing because of both economic
and ecological consequences in changing drainage
route.
EQUENTLY INUNDATED AND FLOODED AREAS
This has very severe limitations for all uses
because of role in flood prevention by storage
and slow release of storm runoff.
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DEVELOPER: HEIGHT OF WATER TABLE.
NO HIGH WATER TABLE
SEASONAL HIGH WATER TABLE 1 -2' FROM SURFACE
Both present no limitations to the developer
because:
a. he can probably ignore that extent of high
water table and get away with it;
b. so much of the site is classed this way
and it is such a common problem in the area
that it is worth his while to take moderate
corrective measures when needed;
c. he is not concerned with the possible
ecological consequences of corrective
measures (siltation, erosion, change in
groundwater level down-site, increased
urban runoff deposited directly into sur-
face water of marsh and Bowgostow with
consequential aquatic habitat changes, etc.)
SURFACE PONDING AND VERY HIGH WATER TABLE, LESS
SEVERE VARIANT
Field observation indicates that the water table
here is not quite as severe as other areas
mapped as surface ponding but worse than 11-2',
and for the developer is situated in an area he
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almost definitely would want to utilize. Thus
he is more aware of this as a probable trouble
spot than the previous category and designates
it thus for his first design run-through.
VERY HIGH WATER TABLE AND SURFACE PONDING,
SEVERE
FLOOD PLAIN ZONING AREA FROM 125' TO NORMAL
HIGH WATER
These areas present moderate limitations for
units and sewerage, and only slight limitations
for roads. The developer has only economical
qualms about the consequences of placing fill
in this area, and realizes that the 50 year
flood plain is more around 121' and that adding
fill above normal high water will not change the
water storage attributes of the marsh that is
the prime object of the zoning. He also sees
little harm in the occasional (say every 10
years) flooding of a road or parking lot and
can easily keep the basement of any units he
might decide to build above 125' with fill. As
long as he is careful to keep down the total
area he plans to fill and keeps it near the 125'
contour he believes he has a reasonable chance
of getting a special permit based both on the
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intent of the by-law and the likelihood of
loose application by the zoning board of
appeals. As an initial rule of thumb he might
decide that no more than 50% of any one unit
can be built on fill below the 125' contour.
FREQUENTLY FLOODED AREAS
WATER SHED DPAINAGE CHANNELS
These areas present severe limitations for all
uses because of the economic costs of filling
and because he realizes he would probably not
get a permit for any fill save perhaps a short
stretch of road. The retention of drainage
channels defined by topography significantly
eases storm drainage problems, and to build
on them increase problems.
ECOLOGIST: VEGETATION QUALITY.
OPEN MEADOW AND PASTURE, NO TREE OVER 5 YEARS
OLD
Presents no limitation for all uses.
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POOR QUALITY SECOND GROWTH AND ABANDONED FIELD
TREES BETWEEN 5 AND 20 YEARS
Presents slight limitations in economic costs
of removal and ecology in that removal Qf any
major vegetation hastens erosion and increases
runoff. Although strictly speaking it is
unecological to remove any trees, this valuation
realizes that:
a. to build at all on this site to even low
densities using townhouse-type structures
requires that some building take place in
wooded areas;
b. that wooded areas if carefully designed
make good dwelling environments enhancing
quality of life, privacy, and have other
ecological benefits in heating, etc.
Therefore, if trees must be removed, this group
has the least value as vegetation. It also is
the least stable of vegetative ecosystems. The
interface between vegetation and slope provides
an index of erosion potential from vegetation
removal for slopes over 15%. The valuation
is based on the assumption that this growth
(mostly in recently cut over areas or poor
growing habitats) will take considerable time
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(if ever) to attain growth quality commensurate
with better site vegetation, and that the time
needed to replace this growth to equal stages
after construction is relatively short. Much of
this growth is, however, of high value for wild-
life habitat. Because of intense conflict with
human needs, wildlife values have been sub-
ordinated to the values chart. (A sketch map
of these values was made with magic markers of
graduated grey tones.)
FAIR QUALITY GROWTH 20-60 YEARS, ALL SPECIES
GOOD QUALITY RED MAPLE, BLACK AND SCARLET OAKS,
ASPEN, BIRCH, AND OTHER SHORT LIVED TREES
EXCEPT FIELD SPECIMENS
ALL GROWTH DEFINING EDGES OF FIELDS AND OPEN
SPACES
Growth of these types presents moderate limi-
tations on all construction requiring large
cleared areas; slight limitations for narrow
road construction, commensurate with cleared
area required. This valuation is based on the
previously cited reasons. The time to produce
replacement growth is a major factor in valua-
tion, as is the assumption that short lived
species have less long term value than longer
lives species, in spite of current visual
attractiveness.
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To a great degree the above valuations were made on the basis of:
a. The physical appearance of quality, mature growth, and
aesthetic qualities for humans as passive recreation
woodland.
b. The length of time needed to replace with similar
growth and the overall longevity of the species as an
index of its potential long term value.
c. The stability of the ecosystem represented by that
particular growth; mature forest is a stable balanced
ecosystem with little ability to compensate for major
incursions, while an unstable ecosystem is generally
young, and undergoing constant change; disruption is
its way of life, and it takes relatively little time
GOOD QUALITY WHITE PINE, BEECH, WHITE AND RED
OAK FIELD SPECIMENS, ALL SPECIES
These trees present severe limitations for all
uses because of long replacement time and their
value as good vegetation over the long term
because of longevity. White pine areas especi-
ally present good environments for passive
human recreation untainted by paved surfaces,
etc., and serve as winter windbreaks. All
three species also have very high value for
wildlife. (This was not a major consideration.)
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to recover to its former growth stage (although the
species may be different).
Valuation of understory species (such as areas of rare wild-
flowers) was not included in this map, as these are:
a. too fine grained;
b. should be considered as they intrude on selected
construction or active use areas at later, larger
scale design stages.
DEVELOPER: VEGETATION QUALITY (not mapped)
OPEN MEADOW AND PASTURE, NO TREES OVER 5 YEARS OLD
Presents no limitations for all uses.
ALL SITE VEGETATION EXCEPT EXCEPTIONAL FIELD
SPECIMENS
Slight limitations because of slightly higher
clearing and grubing costs, and recognition
that some trees perserved on the site around
dwellings and/or forest areas are a marketing
asset. The latter, however, are perceived as
what is left over after site planning is done
for other criteria; they do not determine the
selection of building sites.
FIELD SPECIMEN TREES OF EXCEPTIONAL QUALITY
These present moderate limitations because they
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are recognized as a strong market asset that
can easily be designed around as they are few
in number.
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USE OF LIMITATION MAPS
The degree of limitation for construction posed by the
interface of the mapped criteria is roughly seen by placing the
maps of each set together and noting relative gradations of tone
from white through dark grey. Areas reading white or very light
grey have no limitation -- 5; medium light grey have slight
limitations -- 4; middle grey is moderate -- 3; dark grey is
severe -- 2; very dark grey is very severe -- 1.
In practice more rigor is helpful in assigning limitations
values to the different map tones. I went through all the
possible combinations of values that appeared on the map and
assigned each a value. Based on this ranking a composite map
was then made using graded magic marker. I then made another
composite map using a different ranking system. (Neither are
reproduced here because of reproduction problems.)
The first was purely mathematical. All combinations total-
ling 19-20 were ranked 5, 18 = 4, 17 = 3, 16 = 2, and 15 = 1.
I also rated 0-14 as 0. This produced some surprising results.
Factors that I mapped as severe limitations but that were not
overlayed by other limitations (such as surface ponding in the
big field) ranked 3 whereas a combination of two moderate
limitations ranked 2 (3-8% north slope and fair vegetation)and
one moderate and slight together also ranked 3 (1-2 foot water
table- and brushy vegetation). I had-felt that a severe limita-
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tion was nonbuildable in any situation, while moderate ones were
correctable or tolerable in some cases. Two correctable situa-
tions do not always equal or exceed a non-correctable one. I
was thus faced with some conflicts between what I had expected
the maps to do and what they did.
The second composite was based on the following combinations
of values in the four overlays:
Limitation Combinations excluding 5's
for all four maps
5 4
4 3, 3+4, 4+4
3 3+3, 3+3+4, 3+4+4
2 2, 2+3, 2+3+3, 3+3+3
1 1, 1+2, 2+2, etc.
The results were closer to what I had expected.
This conflict indicated that the initial valuations were
probably not evenly graded relative to each other. I tended to
perceive a sharper break between 2 and 3 than between 2 and 1,
3 and 4, or 4 and 5.
With the exception of these few conflicting areas the
readily buildable areas are easily perceived from either inter-
pretation. Doing two interpretations isolated the ambiguous
areas so that I could then intuitively decide their limitation
based on the specific determinates and its context in schematic
designs. Rigorous mathematical analysis helped by isolating the
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problem areas, but as the initial valuations were gross and non-
quantitive, rigid analysis alone could be misleading by implying
false accuracy. In a more complex situation involving more
factors, rigorous analysis is necessary. The initial valuation
must also be done with great care. Otherwise the system will
be unreliable and its complexity may preclude intuitive inter-
vention such as I used.
Further evaluation was then made by applying the charted
design criteria to the potential building sites. Some charted
limitations were immediately apparent. The client preferred
that buildings not dominate the view from his house and Island
Road. This placed stronger limitation on the field fronting
the road than the mapping. Much of the application of the
charted criteria took place during design work. Some buildable
areas were not used because it became apparent in designing
that other criteria such as road length, or orientation of
units for winter sun versus orientation for privacy could not
be met satisfactorily. Other areas mapped as less buildable
were in a few cases used because all other criteria could easily
be met. In no case, however, were areas with severe limitations
used.
As limitations for use by roads or parking is often not as
severe as for unit construction, evaluation for roads was done
during the design process by removing the sun/slope and sometimes
the water maps from the composite.
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UNMAPPED DESIGN CRITERIA
The criteria charts in the appendix contain site selection
criteria that were not mapped either because they had less
relative importance, were not strictly locational, or could
only be measured when laying out a specific plan. Most are in
terms of relative values. A few, especially construction values
are simply design goals or produce a number, such as total
length of road, to facilitate comparison with other design
solutions. The charts are intended to function as both a design
program and as a tool for evaluating alternative schemes. It
does not include all relevant design criteria for a real world
project. It is set up to show how the developer's scheme fulfills
the ecologist's values and vice-versa, as well as it's own values.
It is also a good way to evaluate several alternative schemes
based on the same values.
The specific values were derived from the natural systems
analysis discussed previously, the social goals from our
original thesis goals and discussions with the client, and the
construction and marketing criteria from talking to developers.
The charts themselves should be self-explanatory. For a
developer's value, the value number is written in the developer's
column and a dash placed in the ecologist's value column. Both
schemes are then evaluated for the developer's specific value.
The column labled "base" refers to the number of units in the
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scheme the criteria applies to (usually all units, and score is
the percentage of the base that fit that specific valuation of
the criteria.
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III. DESIGN, EVALUATION AND NEGOTIATION
The two site plans included in this thesis are two of
several alternative schemes produced to fulfill the stated
design criteria of the "ecologist" and the "developer." The
design criteria applied separately to the schemes are mostly
locational values or relate to unit orientation with respect to
sun, outdoor space, and privacy. Both schemes try to minimize
costs commensurate with other criteria and thus both try to site
as many unit modules as their values permit for this type of
housing ("garden apartments" and townhouses). Likewise, length
of road as an indicator of costs was an equally important con-
sideration in both schemes, but the developer observes tcwn sub-
division rules (which are typical for this area)- to illustrate
their effect on the site (the struction or "rural" visual
qualities). The ecologist's scheme employs a small loop as a
reasonable alternative to having two entry points to the site.
The unit count for both schemes is the number of ground
floor modules on the plan: 104 for the ecologist and
for the developer. To determine how many parking bays were
needed for each "cluster" I assumed that 1 of the total modules
would be "townhouses" and would contain three apartment units
each. Thus the ecologist's plan contains 208 units while the
developer's contains . The developer's module is 24' x
40', while the ecologist's is 28' x 40' to accomodate extra
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width needed to insure natural ventilation (see P. Stuart's
section on ventilation). Both plans are schematic; if these
were acceptable to the client, further work would be based on
more accurate surveys of the specific building sites. Locating
specific unit types on the surveyed sites would probably alle-
viate some of the parking area and unit orientation problems
apparent on the ecologist's plan. If financially feasable, a
small reduction in total units would also help. Evaluations of
both plans are done directly on the design criteria charts.
In order to get the "ecologist" project built it must be
financially feasable and fill town requirements for roads and
services. Being financially feasable is in part a function of
minimizing construction and site work costs (especially in a
"borderline" project like this). But town requirements for
wide, two access point road systems increases site work costs
considerably, reduces buildable area, and destroys valued
landscape. If town officials can be persuaded to grant variances,
change road requirements, etc. to enable a specific environmentally
tuned plan such as this to be built with shorter narrower roads,
fewer cul-de-sacs and relying more on natural drainage patterns,
the project might become financially feasable to build. If
they stick to current regulations, the developer's scheme is
the more likely alternative because of both financial and town
constraints.
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These regulations are sometimes used by a town because
they have become "standard parctice" in writing zoning and
subdivision regulations. Usually a town official when asked
"Why?" can only state that they used it because "such and such"
a town used it, and that it prevents "substandard" developments.
Sometimes regulations are adopted because the town feels they
are so financially "punitive" that they will discourage
development. They do discourage individuals like my client, but
have relatively little effect on many developers who will figure
out the cheapest way to fulfill the requirement and pass the
cost to the consumer. This is especially true in places where
land values and development pressures are high.
Although Millis' regulations are not meant to be punitive,
their negative effect is clear from the way the entrance road
to Stonybrook Village and Millston Arms is laid out; a four
lane divided roadway that technically satisfies the two access
point criteria (by the roadway division). Likew.ise the apart-
ment buildings of Stonybrook are all joined together to become
"one building on a parcel" to avoid restrictive regulations. A
conventional twelve lot subdivision on a long/narrow parcel was
required to have a two access point loop road and a 120' outside
diameter cul-de-sac at the end of the 500' dead end road that
started from the loop.
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A recent meeting with the chairman of the town planning
board was cause for more optimism than the above or conversations
described previously on pp. . He was very receptive to the
plan and the argument that existing town road requirements would
destroy the current site quality. He suggested that by working
with the town throughout the design process we could obtain
better road requirements and variances on allowable density and
building types in exchange for "design quality," and the inclu-
sion of usable active recreation space, unit outdoor private
space, etc. He was not, however, particularly interested in
swimming pools, clubhouses, and other current "developer
amenities." He is, I believe, interested in attracting this
type of development to Millis t(, set a "quality image" prcecedent
(in lieu of the Stonybrook Village image) forthe influx of
development they expect during the next ten years.
This is far better than the attitude of others I talked
with earlier (which ranged from "You're not going to build
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there'" to a range of fears about cluster zoning). He is,
however, only one of many actors we would encounter in the town,
and his opinion was personal, not official. Clearly the process
of early negotiations with the town based on natural resource
analysis and alternative schematic designs would be beneficial
for all concerned. But the answer to the question of what
trade-offs could be made for ecologically biased design would
only be answered if the project were real and all the chips were
down'
Attitudes of both consumers and officialdom are changing
rapidly in the right direction. There is some light at the end
of- the corridor.
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